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INVESTIGATION OF WARM-AIR FURNACES AND 
HEATING SYSTEMS 


THE RESEARCH RESIDENCE 
PART V 
I. GENERAL STATEMENT CONCERNING THE INVESTIGATION 


1. The Coédperative Agreement.—This bulletin is the eighth to be 
published under the present codperative agreement* between the 
National Warm-Air Heating Associationt and the University of 
Hlinois for an investigation of warm-air furnaces and furnace heating 
systems. The agreement was formally approved in August, 1918, 
and the research work was begun in October of that year. Under 
the terms of this agreement a very extensive study of furnace heating 
problems has been made, using first an experimental plant with 
auxiliary equipment in the laboratory, and later a typical modern 
residence erected by the Association for the express purpose of 
correlating and extending the work in the laboratory to the con- 
ditions of actual installation. 

The coédperating association has been represented by an Advisory 
Committee, the personnel of which changes somewhat from year to 
year. Since April 1, 1929, the following members of the Association 
have served on this committee: 

C. M. Lyman, Chairman, International Heater Company, 
Utica, New York. 

J. F. Firestone, Chairman, Beckwith Company, Dowagiac, 
Michigan. 

F. G. Sepa@wick, Chairman, Waterman-Waterbury Company, 
Minneapolis, Minnesota. 

W. Gunton, Midland Furnace Company, Columbus, Ohio. 

V. W. CuxHeERvEN, Holland Furnace UTNE Holland, 
Michigan. 

T. W. Torr, Rudy Furnace Company, Dowagiac, Michigan. 

Grorcrt Harms, F. Meyer and Brothers Company, Peoria, 
Illinois. 

R. G. Guuicx, May-Fieberger Company, Newark, Ohio. 


*“Report of Progress in Warm-Air Furnace Research,” Univ. of Ill. Eng. Exp. Sta. Bul. 112, 


Appendix II, pp. 61-63, 1919. 
+Previous to April, 1928, this Association was known as the National Warm-Air Heating and 


Ventilating Association. 
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The present organization of the committee is as follows: 
F. G. Sepewick, Chairman, Minneapolis, Minnesota. 
W. Gunton, Columbus, Ohio. 

T. W. Torr, Dowagiac, Michigan. 
GrorGcEe Harms, Peoria, Illinois. 
R. G. Guricx, Newark, Ohio. 

It is the function of this committee to propose such problems for 
investigation as are of the greatest interest to the manufacturers and 
installers of warm-air furnaces and heating systems. Of these prob- 
lems, the Engineering Experiment Station staff selects for study those 
which can best be investigated with the facilities and equipment 
available at the University. The codperating association provides 
funds for defraying a major part of the expense of this research work. 

A number of publications have already been issued by the Engi- 
neering Experiment Station dealing with the results of this work. 
They are as follows: Bulletin No. 112, entitled ‘‘Report of Progress in 
Warm-Air Furnace Research’’; Bulletin No. 117, entitled “Emissivity 
of Heat from Various Surfaces’”’; Bulletin No. 120, entitled ‘“‘Investi- 
gation of Warm-Air Furnaces and Heating Systems’”’; Bulletin No. 
141, entitled ‘Investigation of Warm-Air Furnaces and Heating 
Systems, Part II’’; Bulletin No. 188, entitled ‘‘Investigation of Warm- 
Air Furnaces and Heating Systems, Part III’; Bulletin No. 189, 
entitled “Investigation of Warm-Air Furnaces and Heating Systems, 
Part IV”; Bulletin No. 230, entitled ‘‘Humidification for Residences” ; 
and Circular No. 15, entitled ‘‘The Warm-Air Heating Research 
Residence in Zero Weather.”’ 

In addition to these publications of the Station, a number of 
papers on Warm-Air Furnace Heating have been prepared by the 
research staff and presented before, and published in the Transactions 
of, the American Society of Heating and Ventilating Engineers. 
These papers have appeared almost yearly in the Society’s Trans- 
actions since the beginning of the investigation. 

The present bulletin deals with the work accomplished since the 
publication of Bulletins Nos. 188 and 189. Little reference has been 
made to material contained in earlier bulletins or to Circular 15. 


2. Objects of Investigation—-The principal objects for which the 
investigation was undertaken may be briefly stated as follows: 
(1) To determine the efficiency and capacity of commercial 
warm-air furnaces under conditions similar to those existing in 
actual installations, with leaders, stacks, and registers, to form a 


complete system. Both piped and pipeless furnaces are included 
under this heading. 
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(2) To determine satisfactory and simple methods for rating 
furnaces so that the proper size and type of furnace can be 
definitely selected for the service required. 

(3) To determine methods of increasing the efficiency and 
capacity of furnace heating equipment, and the advantages or 
desirability of certain types of design. 

(4) To determine the heat losses in furnace heating systems 
and the value of insulating materials as affecting the economy of 
the furnace, or of the leaders and stacks, and finally of the 
system as a whole. 

(5) To determine the proper sizes and proportions of leaders, 
stacks, and registers supplying air to first, second, and third 
stories. 

(6) To determine the friction losses in cold-air or recirculating 
ducts and registers, and the proper size, proportions, and arrange- 
ment or location of the ducts and registers. 

(7) Eventually, to make a study and comparison of outside 
and inside air circulation as affecting the economy and operation 
of furnace systems. 

In order to correlate the results of tests of furnaces and heating 
systems made in the laboratory with the results obtained on the same 
furnaces and equipment under actual house conditions, a modern 
three-story furnace-heated residence has been erected by the 
Association and equipped for testing at an expense of $25 000. 

In addition to the correlation of data obtained under laboratory 
and actual conditions, there are many factors affecting the perform- 
ance of a furnace heating system which cannot be adequately investi- 
gated in the laboratory. Such factors are: 

(1) The effect of wind. 

(2) The relative value of inside and outside air supply. 

(3) The significance of and the proper percentage of relative 
humidity in the house. 

(4) The variation of air temperatures from floor to ceiling in 
actual rooms with different air temperatures at the registers. 

(5) The proper location of the furnace with respect to center 
of basement. 

(6) The relative value of return ducts above floor compared 
with ducts placed below basement floor. 

(7) The proper location and number of recirculating registers. 

(8) The proper location of warm-air inlet registers. 

(9) The effect of various installation details on operation of 
wall stacks to upper floors. 
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(10) The effect of various installation details on operation of | 
basement pipes. 
(11) The relative value of inside as compared with outside 
chimneys. : 
(12) The importance of constant temperature both day and 
night. 
(13) The problem of the remote room or the room with three 
sides exposed. 
(14) The proper installation for a sun porch. 
In addition to these, the original objects of the investigation, 
there has been added the investigation of ordinary gravity-type 
furnaces operating with small motor-driven fan units. 


3. Discussion of Problem and Methods Employed.—It should be 
noted at the outset of this discussion that the fundamental ideas 
involved in the methods used in this investigation, as well as the 
furnace plant itself and its essential features, were developed and 
put into operation by the Department of Mechanical Engineering of 
the University of Illinois in the spring of 1918. This preliminary 
work soon developed the fact that very little could be accomplished 
in the investigation of warm-air furnaces and furnace systems unless 
the furnaces were operated under the natural gravity-flow conditions 
which exist in actual installations. The research aspects of the 
problem then became very definite, and may be briefly stated under 
two general heads: 

(a) The exact measurement of large quantities of air, flowing 
at very low velocities, under extremely small heads, but at atmos- 
pheric pressure, and usually at high temperature. This measure- 
ment, moreover, must be made just as the air enters or leaves a 
register face, and, in piped furnace work, at a number of widely 
separated register faces. 

(b) The exact measurement of the temperature of air flowing 
over hot metallic surfaces at points where the temperature 
measuring element is in fairly close proximity to the hot surface. 
At the same time additional air-temperature readings must be 
taken simultaneously at many points. 

These two problems have occupied the research staff almost con- 
stantly since the work was begun. The first problem has been solved 
by an indirect method, using anemometers which are calibrated 
either under operating conditions in an air weighing plant or against 
a standard orifice. A complete discussion of these two problems and 
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the methods used in their solution will be found in an earlier bulletin.* 
The second problem has been solved by the use of thermocouples and 
a potentiometer, all couples having been calibrated in position. The 
correction for radiation was determined for couples exposed to hot 
surfaces (see last paragraph of Section 9). 


4. Acknowledgments—The investigation has been carried on as a 
part of the work of the Engineering Experiment Station of the Uni- 
versity of Illinois,t of which Dean M. S. Kercuvum is the director, 
and of the Department of Mechanical Engineering, of which Pror. 
A. C. Wiuuarp is the head. 

During the year September 1, 1928 to September 1, 1929, Mr. 
J. F. QuERHAU, Special Research Assistant in Mechanical Engineer- 
ing, assisted in conducting the actual testing work of this investi- 
gation and in analysing the test data. Murssrs. H. J. Sronver and 
R. E. Lewis, Research Graduate Assistants in Mechanical Engineer- 
ing, also assisted in obtaining the test data. 


Il. DescrieTion or PLANTS 


5. The Research Residence.—In all respects, the Research Resi- 
dence, Fig. 1, is of standard frame dwelling construction, with the 
single exception of the studding, which is 2 in. by 6 in. instead of the 
usual 2 in. by 4 in. This permits the use of larger wall stacks than 
could be used in 2 in. by 4 in. construction. The wall section is as 
follows: weather boarding, building paper, ship-lap siding on 2 in. by 
6 in. studding, lath, and plaster with rough sand finish. The coeff- 
cient of heat transmission for this wall section is 0.20 B.t.u. per sq. ft. 
per hr. per deg. F. at a wind velocity of 15 mi. per hr. The walls are 
not insulated, and no weather stripping is used at the windows and 
doors. Interlocking copper shingles are used on the roof. 

The Residence is completely furnished; rugs, window shades, and 
curtains being provided in addition to the furniture. Two members 
of the research staff have lived in the Residence, and the daily 
occupancy has been confined to the activities of the research and 
clerical staff. It has never been occupied by a family, and hence no 
cooking or other domestic processes either requiring the application 
of heat or resulting in the evaporation of water have been carried on. 
Thus the entire Residence received heat solely from the heating sys- 


*“Investigation of Warm-Air Furnaces and Heating Systems,’’ Univ. of Ill. Eng. Exp. Sta. 
Bul. 120, 1924. ‘ 

+At the time of building the Research Residence, Prof. L. H. Provine, Head of the Department 
of Architecture, acted as architect, and he was assisted by C. A. Kissinger, a member of the staff of 
the same department. 
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tem. Unless otherwise specifically stated in the discussion of results 
all of the room doors were open during the tests with the exception of 
those leading into the sun room, which was not connected to the 
heating plant. 

The room arrangement and exposures are shown in Figs. 2, 3, and 
4. It should be noted that only one room, the bathroom, has a single 
exposure to the weather, and that throughout the Residence the ratio 
of glass area to wall area is high. Hence the heating problem pre- 
sented the usual difficulties. The heat losses calculated by the usual 
methods are approximately 119 000 B.t.u. per hr. at 0 deg. F. and 
15 mi. per hr. wind velocity. 


6. Heating Plant in Research Residence.—A gravity circulating 
warm-air plant was first installed in the Residence. This plant was 
designed to duplicate as nearly as practicable the Main Furnace Plant 
in the Laboratory, since correlation with the Laboratory tests was 
the first objective in the Residence. All subsequent changes in the 
plant have been made in the cold-air side of the system, leaving the 
warm-air side unchanged. In all, six arrangements for gravity flow 
and five for fan operation have been used, and each arrangement has 
been given an installation number to distinguish it from the others 
(see Table 2 and Fig. 5). The results for the six arrangements with 
gravity flow have been reported in Bulletin No. 189. 

The heater, in all installations, was of a common cast-iron type, 
and had a grate area of 2.88 sq. ft. The smoke pipe, 10 in. in diameter 
and 10 ft. in length, was connected to a 12-in. by 12-in. fireclay-lined 
flue, which was 35 ft. high. This chimney passed up through the 
house, and hence the heat transmitted through its 8-in. brick walls 
was given up to the house and was useful in heating. A cross damper 
in the smoke pipe, 3 ft. from the furnace, was used to restrict the 
draft. The check draft was sealed, except on a few tests with gas fuel. 

The locations of the warm-air registers and of the cold-air returns 
for the third installation are shown in Figs. 2, 3, and 4. Details of 
the furnace and the piping for the warm-air side, which remained the 
same for all installations, are shown in Fig. 6 and given in Table 1. 
These layouts should not be regarded as models for design, but simply 
as typical of features required to obtain certain information desired. 

The heat pipes and fittings, eleven in number, were of standard 
commercial sizes and types, no special effort being made to obtain 
streamline flow by the use of special fittings. All pipes were of bare 
bright tin, except for narrow sealing strips of asbestos paper at the 
joints, previous tests having demonstrated that asbestos paper 
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covering on bright tin pipes is wasteful of heat.* The diameters of 
the pipes were based on heat loss calculations for the various rooms, 
in accordance with the “Standard Code Regulating the Installation 
of Warm-Air Heating Systems.’ The wall stacks, the concealed 
vertical portion of the heat pipes, were of mixed construction, some 
being of double-tin with intervening air space, and others of single-tin 
construction. The cross-sectional area of the stacks averaged 70 per 
cent of the area of the basement heat pipes to which they were con- 
nected. Registers were of commercial types and sizes and, in this 
particular installation, were all of the wall types. 

The cold-air side of the system with the various return duct 
arrangements for the six gravity installations tested and reported in 
Bulletin No. 189, is shown in Fig. 5, and the corresponding dimensions 
are given in Table 2. In the design of the cold-air return ducts, 
abrupt changes in section and direction were avoided, except in the 
case of the fifth installation; and ample area, in excess of the total 
warm-air pipe area, was maintained. These are fundamental pre- 
cautions to be observed in good design. 

*Emissivity of Heat from Various Surfaces,” Univ. of Ill. Eng. Exp. Sta. Bul. 117. 


+That part of the Standard Code dealing with pipe sizes is based on results secured in the in- 
vestigation now in progress at the University of Illinois. 
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Fic. 6. BASEMENT PLAN WITH SEVENTH INSTALLATION 


The seventh installation was the first one in which a fan was used 
to circulate the air. The basement plan for this installation is shown 
in Fig. 6. The cold-air side was the same as that for the multiple 
return system used in the sixth installation with gravity flow. One or 
more cold-air returns were provided from every room in the house. 
These returns were divided into three groups and the returns forming 
each group were joined into a single duct in the basement, thus 
making three main ducts in the basement. The main ducts, however, 
were not connected to the casing in this installation, but ended within 
approximately 3 ft. of the casing and discharged the air into the base- 
ment. The fan inlet was open to the basement and the basement 
itself formed an extended suction chamber around the fan inlet. 
All openings around doors and windows in the basement were sealed 
in order to insure that all of the air delivered by the fan was the re- 
circulated air discharged from the return ducts, and was not taken 
from other sources. 

This installation was not regarded as commercially practical, nor 
is the use of basement air to be reeommended. However, the main 
object in these tests was a study of the effect of forced circulation on 
the performance of the furnace system itself over a wide range of 
delivered air volumes, and the effect on the temperature distribution 
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TABLE 2 
’ Dimensions AND ARBAS oF RETURN Ducts AND GRILLES FoR TEN INSTALLATIONS 


Duct Main Duct Branches Shoes Grilles 
Size Area Size Area Size Area Size Free Area 
in. Sq. in. in. Sq. in. in. sq. in. in, sq. in. 


First Installation 


Oneronly:. 2.5... 33 854 12 x 68 816 36 x 36 800 


Second Installution* 


One only....... 33 854 14 x 52 728 36 x 36 800 


Third Installation 


OSS: Sec mea 17 226 12 x 20 240 12% x 30 219 
POUCH a cdni 20 314 12 x 26 312 19% x 27 312 
WMeSteretavticises 20 314 12 x 26 312 19% x 27 312 

Ota. vicit-s «! 854 864 843 


Fourth Installation 


PIAS Uae oe se) 3.010 we 17 226 9% x 29 256 12 x 20 240 12% x 30 219 
DOUPNe tec esesce 20 314 314 12 x 26 312 19% x 27 312 
WVeES Chis. scour 20 314 114% x 27 311 12 x 26 312 19% x 27 312 

ARO talc rptescanere 854 881 864 843 


Fifth Installation 


PSS ratte ater aval owas 17 226 114% x 29 322 12 x 20 240 1244 x 30 219 
SOU Unica eee 20 314 10 x 20 200 12 x 26 312 194 x 27 312 
NVOSU scr cic cscc.-1- 20 314 11% x 27 311 14 x 26 364 19% x 27 312 

BT OUaN sc, Porecls 854 833 916 843 


Sixth Installationt 


ASG WS coos ols als 17 226 12 x 20 240 (Four) 364 
Risacasrorctets 8 x 29 232 
QO scianels 8 x 20 160 (Three) 252 
Pee starr 10 x 11 110 (One) 70 
ORmeee Tex 12 132 (One) 112 
DOUSH NI. «.o.cfecec- 20 314 12)x 26 312 (Nine) 798 
J 8 x 20 160 (Four) 364 
8 x 20 160 (Three) 294 
9x13 117 (Two) 182 
8 x 20 160 (Five) 434 
10 x 13 130 (Four) 364 
10 x 13 130 (Two) 182 
Wiest Gis cave 3.2 20 314 12 x 26 312 (Hight) 686 
8 x 20 160 (Three) 252 
B 10 x 13 130 (One) a 
AUN ite stare 8 x 13 104 (One) 70 
LORS ose Sexee 60 (One) 70 
E S23) 91 (Two) 182 
EE recs tae Ge aaa Us} 91 (Two) 182 
ENOGAN NS 6: Keie6 854 864 First 
Floor 1008 


Upstairs 840 


*Ninth installation same as second with addition of propeller fan in cold-air shoe. Tenth in- 


stallation same as second with addition of propeller fan in bonnet. ‘ : 
+Seventh installation same as sixth with addition of multiblade centrifugal fan at cold-air shoe. 


g 
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Fic. 7. Puan or Fan anp Coxip-Air Return Duct ror SevENTH INSTALLATION 


within the rooms. For this purpose the actual design of the duct 
system between the return trunks and the fan inlet was a matter of no 
consequence, and since this system provided both convenience and 
flexibility it was used. 

The fan was a multiblade, centrifugal fan directly connected to a 
4-h.p. motor, and rated at 1620 cu. ft. per min. at 1% in. static 
pressure. It was located on the north side of the basement and de- 
livered air through a 12-in. round duct 14 ft. long to a diffusion box 
which was connected by a shoe to the casing. Vanes were placed in 
the shoe to give a uniform distribution of air at the entrance to the 
casing. The fan layout is given in Fig. 7. The length of discharge 
duct shown was necessary in order to provide a proper location for 
the pitot tube used to measure the volume of air delivered to the 
furnace. The location of the pitot tube is also shown in Fig. 7. 

The eighth installation was similar to the seventh, except that a 
single cold-air return was used. The cold-air grille was placed in the 
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hall near the front door, and the return air passed through this grille 
directly into the basement, no basement duct being used. 

The ninth installation was similar to the second, shown in Fig. 5 
and Table 2, except that a propeller fan was used in the cold-air shoe 
to circulate the air. The plan and elevation of the return duct, shoe, 
and fan are shown in Fig. 8. Bypass dampers were installed in the 
plane of the fan blades in such a manner that by moving them in or 
out, all of the air could be made to pass through the fan blades, or 
part of it could be allowed to bypass the fan and travel along the 
sides of the shoe. These dampers are shown in detail in Fig. 8. 
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Fic. 9. Bonner Fan ror INSTALLATION Nos. 10 AND 104 


The fan used was of the propeller type, having six blades, 16 in. in 
diameter, and was operated by a one-eighth horsepower motor run- 
ning at a constant speed of 850 revolutions per minute. At this speed 
it was rated at 1350 cu. ft. per min. on free air delivery. In order to 
minimize noise the motor was bolted to two 2 in. x 4 in. stringers 
resting on the floor, and a hole was cut in the bottom of the shoe so 
that there was no contact between the motor and the duct. 

In installations Nos. 10 and 10a a propeller type of fan was in- 
stalled in the bonnet of the furnace, as shown in Fig. 9. Except for 
the absence of a fan in the cold-air shoe, the return duct was identical 
with that used in the ninth installation, as shown in Fig. 8, and similar 
to the one used in the second installation, shown in Fig. 5 and Table 2. 
The cold-air grille was in the same location in the floor of the front 
hall. 

The fan was a 16-in., 4-blade propeller fan directly connected to ° 
a variable speed motor having a range of three speeds, namely 1065, 
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960, and 790 revolutions per minute. At these speeds it was rated at 
1500, 1350, and 800 cu. ft. per min., respectively, on free air delivery. 

For the tenth installation an inner cone was fitted inside the casing 
bonnet as shown in Fig. 9a. The fan drew the air through an opening 
slightly larger in diameter than the blades and delivered it through 
the upper segments of the circular openings into the leader take-offs 
from the bonnet. The lower segments of the circular openings were 
unobstructed, and some flow of air into them, induced by the gravity 
head, took place even with the fan running. For installation No. 10a 
the fan was surrounded by a cylindrical casing from which the air 
was delivered to the openings into the leader take-offs through short 
tubes as shown in Fig. 9b. 

For part of the tests reported in this bulletin the furnace was 
equipped with coal-burning grates and was operated on anthracite 
coal. For part of the tests, however, the furnace was equipped with a 
conversion gas burner. The grate was removed and the burner 
installed in its place. The ashpit was lined with refractory insulation, 
the ashpit door was removed and the front of the ashpit, through 
which the burner entered, was sealed air tight with firebrick. Thin 
firebrick were placed in the radiator in a staggered arrangement to 
add to the turbulence and resistance of the gases flowing through the 
radiator. This burner was of the true surface combustion type, hav- 
ing a wide refractory hearth over the surface of which the air-gas 
mixture burned, the whole hearth becoming incandescent. Thus part 
of the heat was utilized as radiant heat. The burner operated on the 
on-and-off principle, and the gas valve was adjusted to supply ap- 
proximately 6 cu. ft. per min. during the on periods. This was 
sufficient to maintain 70 deg. F. in the Residence during sub-zero 
weather. The air supply was adjusted until approximately 11 per 
cent CO, was obtained in the flue gas, representing about 40 per cent 
excess air. These adjustments were not changed during the period 
of the tests. 

The burner was controlled by a room thermostat, located in the 
dining room, which acted on the relay switch that served to start and 
stop the burner. The furnace was protected against overheating by 
means of a thermostat in the bonnet, and if the gas failed to ignite 
within a period of about one minute after the motor driving the blower 
that delivered the air-gas mixture was started, the motor was stopped 
and the gas supply shut off by means of a safety cut-out installed in 
the upper part of the firing door of the furnace. The gas was ignited 
by means of a pilot light, which continued to burn during the off 
periods of the burner. 
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7. The Main Furnace Plant in the Laboratory.—A general view of 
this plant has been shown in an earlier bulletin and detailed elevation 
and plan views are shown in Figs. 10 and 11, respectively. This plant 
is of the inside air supply or recirculating type in general use through- 
out the country. A single cold-air return connection is taken from 
the level of the first floor, dropping down to a very wide and very 
low cold-air shoe connected to the back of the casing. All tests on 
fuel burning furnaces reported in this bulletin were made with this 
plant arranged exactly as shown in Figs. 10 and 11. All features of 
the plant, including leaders, stacks, and registers, are the same as 
shown and described in Bulletin No. 112, and the original three-story 
steel structure erected in the Mechanical Engineering Laboratory is 
still in place. This structure merely serves as the working skeleton of 
a house and carries the stacks and registers for the various floors. 
All important dimensions are given in the sectional elevation and 
plan in Figs. 10 and 11. There are ten leaders covered with asbestos 
paper (one layer) and all stacks have been cased in to simulate actual 
wall conditions. Two of the four stacks to the second floor and one 
of the two stacks to the third floor are single-wall, but all other stacks 
are double-wall with 5/16-in. air space. 


8. Furnaces Tested in Main Furnace Plant.—The four types of 
furnaces tested and previously reported on in Bulletin No. 188 are 
shown in Fig. 12 and the dimensions are given in Table 3. Three 
additional types have been tested and the results are compared with 
those from the ones previously tested. These three additional types 
are shown in Fig. 13, and the dimensions are also given in Table 3. 
In these three furnaces the diameter of the grate was considered the 
same as that of the full diameter inside of the firebrick lining. 

The steel furnace with the double diving flue was lined with 
firebrick fitted snugly up to the shell. It was provided with a 
butterfly damper in the firedoor for the admission of auxiliary air. 
This damper remained closed on all of the tests with anthracite coal. 

The non-integral fin furnace was a steel furnace equipped with 
a radiator of elliptical cross-section and with two sets of removable 
fins as shown in Fig. 13. These fins were of thin sheet metal and 
the inside edges were held in contact with the shell of the furnace. 
A series of spacing plates near the outside edges also acted as a radi- 
ation shield. In computing the heating surface, the first two inches 
of fin were allowed full value as heating surface, the next two inches 


were allowed half value, and all fin surface beyond this was dis- 
regarded. 
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| A butterfly damper for the purpose of admitting auxiliary air was 
| provided in the firedoor. This damper remained closed for all the 
‘tests with anthracite coal, and was opened for only short periods 
i immediately after each firing in the case of the tests with bituminous 
‘ coal. 

The particular size furnace tested was regularly equipped with a 

44-in. casing. The first two series of tests (fins on and fins off) were 
| run with this size casing, and the furnace was equipped with a 48-in. 
( casing for the second two series of tests. The 48-in. casing was made 
(concentric with the drum so that a 2-in. annular area was added 
‘around the outer edges of the fins. The casing was provided with 
) removable sections on each side in order to facilitate the removal or 
ireplacement of the fins. The latter were supported by projecting 
Ings at the top of the drum. 

For the tests on the integral fin furnace, the crescent radiator steel 
furnace, reported on in Bulletin No. 188 and shown in Fig. 12, was 
modified by having fins attached to the drum and radiator. The 
‘original ratio of prime heating surface, or surface excluding fins, to the 

grate area was 27.5 to 1, as given in Table 3. The furnace, after 
modification, is shown in Fig. 13 and the dimensions are also given in 
Table 3. 

The fins were of soft steel, 14 in. in thickness, and were are-welded 
along one edge from top to bottom. Hight fins 36 in. in length and 
varying in width from 3 in. to 6 in. were placed on the drum, and 
thirteen fins 36 in. in length (except three marked B in Fig. 13, which 
were 22 in. long) and 21% in. in width were placed on the radiator 
approximately 6 in. apart. The lower 14% in. portion of the fins on 
the drum was opposite the firebrick lining which was 2% in. thick. 
The total heating surface of the fins amounted to 31.8 sq. ft. If the 
first two inches of fin is regarded as of full value and the next two 
inches as of one-half value, the nominal heating surface of the fins is 
24.8 sq. ft., and the ratio of heating surface area to grate area for the 
integral fin furnace becomes 37.5 to 1 as compared with 27.5 to 1 for 
the furnace without fins. 

The location of the thermocouple groups used to measure the 
temperatures on a 214-in. fin on the radiator, and on a 4-in. and a 
6-in. fin on the drum is indicated in Fig. 13. The dimensional details 
for the four groups, indicating the location of the thermocouples on 
the metal surfaces, are shown in Fig. 14. Two thermocouple groups 
were on a 4-in. fin, one group opposite the middle of the combustion 
zone, and the other opposite the firebrick lining. In addition, one 
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group was on a 6-in. fin opposite the center of the combustion zone 
and one group was on a 21-in. fin, midway from top to bottom: 


III. Meruops or Trsting 


9. In Research Residence.—The general procedure of testing, 
although requiring some modification to meet the conditions existing 
in the Residence, was similar to that described in Bulletin No. 120. 
The controlling thermostats were arranged to maintain accurately a 
given room temperature, rather than a given furnace bonnet tem- 
perature, as in the Laboratory tests. 

The furnace was fired at four regular periods, as follows: 7:00 a.m., 
11:00 a.m., 4:00 p.m., and 10:00 p.m. Ashes and sufficient unburned 
coal were shaken through the grates each morning to leave a clean 
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TABLE 4 
CuEmMicaL ANALYSES OF CoaLs 


Anthracite Bituminous 
_ Proximate Analysis of Coal as Fired 
BSIEDOTIIE cyrtah aec = utc ders we wnt ale, ag h3 No. 1 No. 2 No. 1 No. 2 
San 0 Oi OE ne Ee Stove Stove Stove Medium 
Lump 
Tixed Carbon, per cents. sees sie ens 78.98 82.18 42.26 42.61 
Volatile matter, POL CONS otis wee cntessere & 6.19 4.80 36.72 38.33 
ByHOWsGUre, per: Combi. ok sec ole eled Sle oak 1.44 167 8.67 7.01 
BPE OLICCD Ge nfl nanlste ns. ths contra octane ns 13.39 11335 12.35 12.05 
Calorific value by * oxygen calorimeter, 
BSFURUND EL Lie sont et aa: tere eae 12 790 12 976 11 268 11 345 


ieanpony(©) per cent... se nneei cen ccccee 79.50 82.30 60.47 61.12 

Hydrogen (H), per cent................ 2.43 ei 4.81 4.84 

Wxygen (©), per cent... ....e 0s) ccs cen 1.68 ont 8.60 9.35 

Matrogen (N), per'cent..........0...... 0.75 0.57 1 5 PS 

eertomiie (S) per Cent.ces sick cceae eda. 0.81 0.77 3.95 4.50 

Moisture at 105 deg. C., per cent........ 1.44 167 8.67 7.01 

BSD EN CON Gis oss Aoi ave netic ccc benes 13.39 11,35 127385 12.05 

‘Lest Numbers, inclusive 

Widin Laboratory Plant. ....0:....0..+s 157-182 183-187 150-156 188-189 
190-197 

Research Residence........0.02--csee0. 290-355 


fuel bed on which to continue the fire. This clean fuel bed was always 
brought to a definite mark at one-half the firepot depth, giving a 
thickness of about 8 inches. Correction was made on each day’s fuel 
consumption for the unburned fuel which was shaken through the 
grate. For all of the coal-fired installations reported in this bulletin 
the same fuel was used. This had a calorific value of 12 976 B.t.u. 
per lb., and the complete analysis is shown in Table 4 designated as 
Anthracite No. 2. 

At each of the firing periods, observations of all data were made 
and the five groups of readings were averaged for the daily record. 
The following is a list of the observations made at each reading period: 

Data sheet No. 1 

Weather condition. 

Wind, velocity and direction. 

Wet bulb temperature, dry bulb temperature, and relative 
humidity, outdoors. 

Barometer. 

Control station temperature at thermostat in dining-room. 

Basement air temperature. 

Outdoor temperature, at fixed location. 

Draft, at furnace. 

Draft, differential, ashpit to smoke collar. 

Coal fired. 


rk 
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Ashes removed. 
Water evaporated for humidification. 
Data sheet No. 2 
Room temperatures, in each of the 10 heated spaces, at 4 in. 
above floor, breathing level 5 ft. 0 in. above floor, and 
4 in. below ceiling. 
Data sheet No. 3 
Anemometer readings at each of 11 warm-air registers. 
Anemometer readings in cold-air ducts. 
Data sheet No. 4 
Thermocouple observations of temperatures of: 
air at 11 warm-air registers, 
air in 6 boots for upstairs pipes, 
air at 1 or more cold-air grilles, 
gas at 5 points in flue-gas stream between furnace and 
top of chimney, 
air at 1 point above furnace, 
air in 3 air spaces above ceilings and below roof, 
surface at 4 places on roof, 
surfaces of outer wall and inner wall, at 2 places on side wall. 
Recorders produced the following charts: 
Outdoor and indoor air temperatures, 
Wet and dry bulb temperatures, indoors, 
Temperature of air at one warm-air register, 
Temperature of flue gases in smokepipe, 
Draft at smokepipe collar at furnace, 
Carbon dioxide in flue gas. 
In the case of fan operation the same records were kept with the 
addition of data on fan speeds and pressures. In all cases the fan 
was operated continuously during a 24-hr. test, and a sufficient 
number of daily tests were run to obtain data over a wide range of 
outdoor temperatures. 

The same general procedure was followed for the gas-fired in- 
stallations, with such modifications as were made necessary by the 
use of gas instead of coal. The daily average for the calorific value of 
the manufactured gas used was obtained from five determinations 
made each day by means of a gas calorimeter at the Research Resi- 
dence. The high or gross heating value of the gas varied from a 
minimum of 540 B.t.u. per cu. ft. to a maximum of 600 B.t.u. per 
cu. ft. with an average value of 565 B.t.u. per cu. ft. A typical 
volume analysis of the gas was as follows: CO = 23.6 per cent, 
CO, = 5.3 per cent, O2 = 0.4 per cent, H, = 30.2 per cent, CH, = 
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13.1 per cent, No = 16.4 per cent, C,H, and CeHs = 11.0 per cent. 
The gas consumption was measured by means of a calibrated meter 
and was corrected to standard saturated gas conditions of 60 deg. 
I’. and 30.0 in. Hg. pressure. 

For the tests on the seventh installation a gate at the fan inlet 
was used to regulate the air volume, and the fan was run continuously 
at constant speed. The inlet gate was adjusted so that the fan de- 
livered air volumes ranging from slightly below the normal gravity 
air handling capacity of the system to considerably above. A suffi- 
cient number of daily tests were run at each fan inlet gate position to 
obtain data over a fairly wide range of outdoor temperatures. 

The air velocity in the fan discharge duct was measured by means 
ofa pitot tube. Either inclined manometers or Illinois micromanom- 
eters were used to indicate the velocity and static heads. A curve of 
center coefficients, or ratios of the mean velocity in the duct to the 
velocity at the center, was established by making traverses on two 
diameters with the pitot tube. Ten points on each diameter were 
employed for these traverses. For each test, velocity heads were then 
observed at the center of the duct and were transformed to terms of 
mean velocity by means of the center coefficient curve. 

For the tests on installations Nos. 9, 10, and 10a the air volume 
was measured by means of an anemometer. The vertical portion of 
the cold-air duct was traversed on two diameters 90 degrees apart. 
Ten stations were used on each diameter, making in all twenty sta- 
tions. The anemometer was calibrated under service conditions 
against the readings of a pitot tube used in a traverse of a round pipe 
which was substituted for one of the leader pipes of the furnace. 
All other leaders were removed, the openings sealed, and the furnace 
casing made air tight. Air was then drawn through the system by 
means of an exhaust fan, so that after passing the anemometer and 
through the furnace, it also passed the pitot tube station in the round 
pipe. This calibration was made with the furnace cold and with the 
furnace fan both running and not running. 

The air temperatures at the bonnet were measured by means of a 
thermocouple protected against radiation by being supported in the 
center of a fused silica tube having a bore of 3/16 in. This tube was 
inserted in the leader at the bonnet, and air was drawn through the 
tube and past the thermocouple at a velocity greater than 20 ft. per 
sec.,* thus eliminating the effect of radiation from the castings of the 
furnace. These readings were correlated with simultaneous readings 


*R. T. Haslam and E. L. Chappell, ‘‘The Measurement of the Temperature of a Flowing Gas,”’ 
Industrial and Engineering Chemistry, April, 1925, p. 402, Vol. 17, No. 4. 
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of the air temperatures at the boots, and the correlation curves were 
used to obtain the temperatures of the air at the bonnet from the 
temperatures observed at the boots during the test periods. 


10. In Main Furnace Plant.—The object of practically all of the 
tests made on the main plant was to study the effect of certain changes 
in design in the plant upon plant or furnace performance. In order 
to eliminate any influence of variations in the character of the coal 
used, all tests, with the exception of tests 152-156 and 188-189, were 
run on anthracite coal (Table 4). 

The testing procedure for all anthracite coal tests was as follows: 
A fire was started on clean grates using a charge of wood equal to 
10 per cent of the coal charge required. A fuel charge consisted of 
sufficient coal to fill the firepot to the level of the bottom of the 
feed neck. The weight of this charge varied for the different furnaces, 
but averaged approximately 200 lb. The wood was allowed to burn 
for 10 minutes and, for the tests at high combustion rates, about 
one-fourth of the fuel charge was then fired. Readings of temper- 
atures were then taken. The time of firing the first coal was the 
official time for the start of the test. This time was marked on the 
charts of the draft and CO, recorders which had been previously put 
into operation. The balance of the coal charge was subsequently 
fired in three or four lots so that the total charge was in the furnace 
at the end of the first Mour of the test. In the case of the tests at 
very low combustion rates, the coal was fired in smaller lots and the 
charging time was extended to an hour and a half. The fire received 
no further attention until the close of the test. The dampers were 
controlled so that the temperature of the air at the bonnet had 
attained the value predetermined for the test within an hour or an 
hour and a half after the start of the test. The automatic damper 
regulator was then put into operation, and the desired bonnet tem- 
perature was maintained up to the close of the test. During the 
period of rising temperature the anemometer in the recirculating duct 
was allowed to run constantly and all temperature readings in the air 
system were taken every half hour or less. Compensation was then 
made for this period of rising temperature when the observations 
were averaged. After conditions had become constant all readings 
were taken once every half hour on the tests at low combustion rates, 
and once every half hour or less on the tests at high rates. The 
anemometer was allowed to run for 15 minutes between readings. 

The tests were closed when a decided break occurred on the CO, 
chart, indicating that the fire had burned to a point where an increase 
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in the excess air appearing in the flue gas began to be in evidence. 
This usually occurred when there'was from 20 to 30 per cent of the 
original fuel charge remaining on the grates. The fire was then 
quenched by means of water from a hose and the residual fuel and 
ash were removed and dried. The residual material was weighed 
when thoroughly dry. Since the drafts used were very low, all of the 
ash in the original coal charge was contained in the residual. This 
weight of ash was calculated from the weight of the original coal 
charge and the coal analysis and subtracted from the total weight of 
residual. The remainder, which was the weight of carbon, was then 
reduced to terms of equivalent coal, as outlined in a previous bulle- 
tin,* and subtracted from the weight of coal fired in order to obtain 
the weight of coal burned. 

In the case of bituminous coal (Table 4) it was not feasible to fire 
the entire charge within the first hour of the test. Small charges of 
fuel were fired at approximately regular intervals, depending on the 
rate of combustion, and the fire was leveled between firings, when the 
CO, chart indicated that holes had developed in the fuel bed, causing 
an increase in the amount of excess air. Very little auxiliary air was 
admitted through the damper in the firedoor, and the surface of the 
fuel bed was never allowed to burn appreciably lower than six inches 
below the top ring of the firepot. The dampers were automatically 
controlled. The furnace was fired over a preliminary period of several 
hours before beginning a test and the same conditions were main- 
tained as those required for the test. At the beginning of the test the 
condition of the fuel bed was noted and the ashpit cleaned, and the 
test was closed with the fuel bed in as nearly the same condition as 
possible. A test period of approximately 36 hours was required in 
order to reduce the error in estimating the condition of the fuel bed 
to within a negligible percentage of the total fuel burned. At the 
close of the test the ash and refuse in the ashpit were removed, 
weighed, and analyzed. From the weight and chemical analysis, the 
coal equivalent was calculated for the ash and refuse; this was then 
subtracted from the weight of coal fired to obtain the weight of 
coal burned. 


11. Method of Presenting Test Results.—Since the discussion of 
individual tests would be of little significance in showing how the 
objects of the investigation have been accomplished, the tests are 
grouped and presented in the following chapters. The test numbers 
are also given under each chapter heading. 


*Investigation of Warm-Air Furnaces and Heating Systems,” Univ. of Ill. Eng. Exp. Sta. 
Bul. 120, p. 49, 1921. 
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Throughout this bulletin the quantities referred to as ‘‘capacity,” 
“furnace efficiency,” “equivalent register air temperature,” ‘‘com- 
bustion rate,’ and “heating effect,’? are based on the following 
formulas: 

Capacity, B.t.u. per hr. put into air = W X 0.24 x (JT, — T;) 

Combustion rate, lb. coal burned per sq. ft. grate per hr. = C/A 

capacity < 100 


Furns fficiene er cent = a 
eae lat hig orn n a heat developed on grate per hr. 


Wx 0.24. (Ty =a) G00 
CEL. 


Equivalent register air temperature = (7, — T; + 65) = T, 
(Based on air temperature of 65 deg. F. at recirculating duct) 
Heating effect at register, B.t.u. per hr. = W X 0.24 X (7, — T;) 
in which 
W = weight of air flowing in system per hr., lb. 
0.24 = average specific heat of air. 
C = weight of coal completely burned per hr., lb., corrected for 
unburned fuel in ash, or cu. ft. of gas burned per hr. 
H = calorific value of coal, B.t.u. per lb., or of gas, B.t.u. per 
Cunt te 
A = area of grate surface, sq. ft. 
T; = temperature of air at recirculating register, deg. F. 
T, = temperature of air at furnace bonnet, deg. F. 
T, = temperature of air at warm-air register, deg. F. 
T. = equivalent register air temperature, based on 65 deg. F. at 
recirculating register. 


IV. Compination Gravity AND Fan Furnace Systems 
(Daity Trusts 292-355 anp 462-499 INC.) 


12. Performance of Three Types of Fan Systems.—The object of 
this part of the investigation was to compare the performance of a 
system in which a fan was installed in order to augment the flow of 
air in a plant with a centrally located furnace designed for gravity 
operation, with the performance of the same plant when operated on 
gravity alone, either with or without the fan present. The scope of 
this investigation was confined to the determination of conditions 
existing during the continuous operation of the fan as compared with 
those existing during continuous gravity operation in the same system. 
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Three different types of systems, as determined by the type or 
location of the fans, were used, and have been described in detail in 
Section 6. They were designated as the seventh and eighth installa- 
tions, in which a multiblade centrifugal fan was used to deliver air to 
the cold-air shoe; the ninth installation, in which a six-blade propeller 
fan was used in the cold-air shoe; and installations Nos. 10 and 10a, 
in which a four-blade propeller fan was used in the furnace bonnet. 
These systems were all identical with respect to the furnace, casing, 
and warm-air side, but differed on the cold-air side. In the seventh 
installation, several cold-air returns were taken from each room and 
were trunked into three main ducts in the basement. The eighth 
installation was similar to the seventh, except that a single cold-air 
grille in the hall replaced the multiple return system. In each of the 
installations Nos. 9, 10, and 10a, a single grille and return duct was 
used. 

The methods employed in testing have been discussed in Section 9. 
In the cases of the seventh, eighth, and ninth installations, all tests 
were run with anthracite coal having a calorific value of 12 976 B.t.u. 
per lb. The tests on installations Nos. 10 and 10a were run with 
manufactured gas having an average calorific value of approximately 
565 B.t.u. per cu. ft. In the case of the ninth installation, all tests for 
the purpose of comparison were run with the bypass dampers in, 
since the maximum capacities were obtained under these conditions. 
(See Fig. 18 and accompanying discussion.) 

The performance curves for the three types of fan furnace systems, 
in each case compared with those for the corresponding gravity sys- 
tem, are shown in Figs. 15, 16, and 17. In the cases of the multiblade 
centrifugal fan in the seventh and eighth installations, the arrange- 
ment was not adapted to operation on gravity with the fan in place. 
Hence these results, shown in Fig. 15, have been compared with the 
results from the gravity operation of the second installation. 

For the ninth installation the results with the fan in operation, 
shown in Fig. 16, have been compared with those obtained for gravity 
operation with the fan in place in the shoe, but not running. The 
latter were not essentially different from results obtained on the same 
system with the fan removed from the shoe, in which case results 
identical with those from the second installation were obtained. 

For the tenth installation the results with fan operation, shown in 
Fig. 17, have also been compared with those obtained for gravity 
operation with the fan in place in the bonnet. Since this fan arrange- 
ment, with the fan idle, caused considerable interference with the 
flow of air, the curves for the gravity operation for the ninth installa- 
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tion with the fan removed have also been included for the purpose 
of comparison. 

All of the fan systems exhibited the same characteristics as com- 
pared with the gravity systems. With each one it was possible to 
circulate greater volumes of air at given combustion rates than were 
circulated by the normal gravity operation of the furnace at the same 
combustion rates. When the volume of air circulated by the fan was 
greater than the normal gravity circulation of the furnace at the same 
combustion rate, the register air temperature obtained was lower than 
that obtained with gravity operation. As the volume of air delivered 
increased, the register air temperature decreased. 

Owing to increased air velocity over the heating surfaces, and 
possibly also to somewhat better impingement on the surfaces, the 
circulation of greater volumes of air resulted in greater rates of heat 
transfer from the surfaces to the air. This condition was reflected in 
greater efficiencies for the fan operation as compared with gravity 
operation. These greater efficiencies were accompanied by greater 
capacities at the same combustion rates, even though lower register 
air temperatures were shown. 

Thus, in the case of the multiblade centrifugal fan in the seventh 
installation, shown in Fig. 15, where at a combustion rate of 3.4 lb. 
per sq. ft. of grate surface per hr., corresponding to operation in zero 
weather, the air volumes delivered by the fan varied from somewhat 
less than the volume delivered by gravity to approximately twice the 
volume delivered by gravity, the efficiency was increased from 58 per 
cent, obtained with gravity operation, to 73 per cent with the fan. 
Corresponding increases in efficiency and capacity, as compared with 
gravity operation, are shown in Figs. 16 and 17 for the propeller fan 
in the cold-air shoe in the ninth installation and the propeller fan in 
the bonnet in the tenth installation, although it was not possible to 
obtain as great increases in volume in these two cases as those ob- 
tained in the seventh installation. The performance of installation 
No. 10a was similar to that for installation No. 10 shown in Fig. 17. 
The fan delivered about 5 per cent more air at correspondingly lower 
register air temperatures in the former case than in the latter. How- 
ever, the decrease in register air temperatures offset the increase in air 
volume and the capacity and efficiency remained the same for both 
cases. The performance of the eighth installation, as shown in curves. 
numbered 8 in Fig. 15, was in every way consistent with that of the 
seventh, indicating that the location of the cold-air grilles in the house 
had no influence on the performance of the plant, inasmuch as the air 
delivery to the cold-air shoe was the same in both cases. 
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The improvements in the efficiency and capacity in the plant 
brought about by the addition of the fan were accomplished at a 
sacrifice in the proper balance in the amount of heat delivered to the 
three floors, however, and the increases in furnace efficiency were not 
indicative of similar increases in over-all house efficiency and corre- 
sponding decreases in fuel consumption. These effects are discussed 
in Sections 13 and 14. 

In the case of the propeller fan in the ninth installation only one 
speed was possible, and no great variation in delivered air volume 
could be obtained. This was to a certain extent true also for the 
tenth installation, in which the possible adjustment in fan speed 
produced only a limited variation in delivered air volume. In the 
case of the multiblade centrifugal fan in the seventh installation, 
however, the existing static pressures did not limit the capacity of the 
fan, and it was possible to obtain a wide range in the volumes of air 
delivered, by adjusting a gate at the inlet opening. 

The results as shown in Fig. 15 are, therefore, with certain limita- 
tions imposed by possible differences in heat transfer brought about 
by differences in the character of the impingement or rubbing action 
of the air over the heating surfaces in different fan arrangements, 
indicative of the performance of the system with any type of fan 
delivering air to the bottom of the furnace casing. With this arrange- 
ment two series of tests were run in which the volume of air delivered 
by the fan would, above some limiting combustion rate, become less 
than the normal volume of air delivered under gravity operation at 
the corresponding combustion rates. These results are shown in 
curves numbered 9 and 10 in Fig. 15. It may be noted that the 
volume curve No. 10 intersects the volume curve for gravity operation 
at a combustion rate of 1.2 lb. At all combustion rates above this 
the volume of air delivered through the furnace by the fan was less 
than it would have been if the furnace had been operated on gravity - 
alone at the same combustion rates. Also, at all rates above 1.2 lb. 
the register air temperatures shown by the fan curve No. 10 were 
greater than those shown by the curve for gravity operation, and all 
capacities were less than those for gravity operation. 

Since the combustion rate is determined by the heat demand of 
the building, for a given outdoor temperature and wind movement the 
combustion rate required would be approximately the same for the 
two systems, or if anything, slightly lower for the fan system. 
Hence it is evident that if the capacity of the fan is less than the 
volume of air that would normally be delivered by gravity operation 
at any combustion rate smaller than that demanded by the max- 
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imum heat load imposed by the building, there will be some limiting 
outdoor temperature, below which, while the fan system will prob- 
ably heat the building, it will be necessary to employ register air 
temperatures higher than would be required of the same system 
operating on gravity alone without the interference of the fan. In 
other words, the addition of the fan would not improve the system, 
but would be a detriment to it. In all such combination systems in 
which a fan is installed, special attention should be given to the 
selection of a fan such that its capacity as installed is greater than 
the volume of air that would be delivered by the same system oper- 
ating on gravity at the register air temperature that would be re- 
quired to heat the building in the most severe weather prevalent in 
the given locality. 

In the ninth installation, bypass dampers were installed as shown 
in detail A in Fig. 8. When these dampers were in, the opening in the 
dampers encircled the fan blades and forced all of the air handled by 
the system to pass through the fan blades. In the out position, part 
of the air could bypass the fan and travel between the fan and the 
inside surfaces of the shoe. The volumes of air delivered at various 
register air temperatures, with the furnace under gravity operation, 
and with fan operation with the dampers both in and out, are shown 
in Fig. 18. At low and moderate register air temperatures the volume 
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of air delivered was greater with the dampers in than with them out. 
At high register air temperatures, under which conditions the air 
delivery with gravity operation begins to approach the capacity of 
the fan, the system handled as much air with the dampers out as with 
them in, indicating that the gravity motive head caused air to bypass 
the fan and thus augmented the flow induced by the fan. It is possible 
that at still higher register air temperatures, the bypass dampers 
would become a hindrance to the flow, and that greater volumes of air 
would be handled by the system under the action of the fan aug- 
mented by the gravity motive head if the dampers were left out, than 
would be handled by the fan alone with the dampers in. 

Since the average register air temperatures required to heat the 
Residence did not exceed 135 deg. F. in zero weather, and the volumes 
of air delivered at all register air temperatures below 140 deg. F. were 
greater with the dampers in than with them out, all tests on the ninth 
installation were run with the dampers in. The relative amounts of 
heat delivered at the register faces corresponded very closely with the 
relative volumes of air delivered with the dampers in and out. 

Three tests were run on the ninth installation to determine 
whether any advantage could be obtained from the heat stored in the 
castings and fuel bed in order to secure a quick pick-up in capacity, 
thus shortening the time required for warming the house after it had 
cooled during an idle period with closed dampers or banked fire. 
For this purpose the furnace was allowed to operate under conditions 
of gravity flow for a period of sufficient length to establish temper- 
ature equilibrium, and the fan was then started. The combustion 
rate was maintained constant during the period over which observa- 
tions were made. The results are shown in Fig. 19. As soon as the 
fan was started, the increased volume of air circulated absorbed part 
of the heat stored in the castings, and a material increase in furnace 
capacity resulted. At low register air temperatures an increase of 
80 per cent was obtained. Immediately after reaching a maximum, 
the capacity began to decrease slowly, and continued to decrease for 
an hour or more before attaining a state of equilibrium. Since an 
increase in efficiency accompanies an increase in the volume of air 
circulated, the final capacity attained under equilibrium conditions 
was somewhat greater than that obtained under gravity operation at 
the same combustion rate. The curves indicate that, with intermit- 
tent fan operation, the heat stored in the castings during gravity 
operation may be utilized as a source from which to obtain an immedi- 
ate increase in the heat delivered at the registers for a short period 
after the fan is started. This characteristic of intermittent operation 


INVESTIGATION OF WARM-AIR FURNACES, PART V 49 


N 
: al 

ee el | r | 

S i | 

N} ap = 

Q EZO+ tt aS a SS 
a Be Megisler- a (eMper ature =126./ 2g. F. 

zt + t ie { = i. 
AS 

IN 60 t | 

dO =a -—+ 

S [ ere 

Ss 4 | el = Se ee Ss pa ciadul a 
S Lau. keg. Air Tepg.=100.4 deg. F 

aj 30 | 4 

< a Bean Keg. Alr se a QEG. Fe i 

S Far? Or? 

=| n | fell 

Jee 

Ras O T hi T | + 
x = abe | 4ar2 tt? Qoerartior7 [ =| Saal 
N Gravity Ober Q11017 

SO 

50 LOT TEL EO ne en ee eee) 


Time 77 Mirputes 
Fig. 19. Capacrry with InterMiTrentT Fan Operation rn Nintu INSTALLATION 


/000 


800 


a Waste latien /0 
ie 


Gravity Qoerarior 


aT iD i 


200 


Volume of Alr @t 68 deg, - 
W? CULT f7EC- 7771/7 


Ti; 0 70 80 90 /00 MO 1/20 NEG! 


Eguivalerrt kegrster Air Teryerarure ip Weg. F 


Fic. 20. Air VotuMe Curves ror Tentu INSTALLATION 


50 ILLINOIS ENGINEERING EXPERIMENT STATION 


would serve to make the use of a fan desirable under conditions where 
a quick pick-up is necessary in order to provide for a warming-up 
period. 

The resistance to the flow of air introduced by the presence of the 
idle fan when the ninth and tenth installations were operated with 
gravity flow is shown in Figs. 18 and 20. The air volumes actually 
delivered at the various register air temperatures are given in terms 
of equivalent volumes at 65 deg. F. and 29.5 in. of mercury. In each 
case the volumes delivered with the fan in place have been compared 
with those delivered when the fan was removed from the shoe in the 
ninth installation. The latter results were identical with those for 
the second, or best gravity installation. The presence of the fan, 
as shown in Fig. 18, did not materially reduce the volume of air 
delivered at given register air temperatures in the ninth installation. 
At 120 deg. F. the reduction was approximately 4 per cent. In the 
case of the tenth installation the reduction in air volume at a register 
air temperature of 120 deg. F., as shown in Fig. 20, was approximately 
7 per cent. This effect was also reflected in the performance curves 
shown in Fig. 17, from which it may be noted, by comparing the 
curves for gravity operation for the ninth and tenth installations, that 
the introduction of the cone and idle fan effected a, reduction of 16 
per cent in the capacity and a corresponding reduction in efficiency 
from 59 per cent to 50 per cent. 

The effect of varying the speed of the fan in the bonnet in the 
tenth installation is also shown in Fig. 20. With the furnace cold, 
and the register air temperature at 65 deg. F., the volumes of air 
delivered were 580, 680, and 740 cu. ft. per min. for low, medium, and 
high fan speeds, respectively. Increasing the speed of the fan from 
the low speed of 790 r.p.m. to the high speed of 1065 r.p.m., with a 
corresponding increase in electric power consumption from 1.0 to 
1.6 kw. hr. per 24 hr., did not give increases in the volume of air 
delivered in proportion to the increase in speed. An increase in 
turbulence losses in the bonnet with the increase in speed probably 
accounted for the less efficient performance of the fan at the higher 
speeds. 

The over-all effect of air volume and register air temperature on 
the furnace capacity, as shown in Fig. 17, was such that the fan in- 
creased the heat transfer from the castings to the air by approxi- 
mately 5 per cent. Apparently the increase in air delivery was offset. 
by the decrease in register air temperature when the fan speed was 
increased from 790 to 1065 r.p.m. and no increase in capacity was 
effected, since a single curve represents all of the points plotted from 
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the fan data. Hence under these conditions the use of a variable 
speed fan can hardly be justified. 

The curves representing the volume of air delivered by the bonnet 
fan in the tenth installation exhibited different characteristics from 
those shown by either the centrifugal fan in Fig. 15 or the propeller 
fan in the cold-air shoe in Figs. 16 and 18, when the latter was used 
with the arrangement of slide dampers to force all of the air to pass 
through the blades. In the case of both of the fans last mentioned, 
since all of the air passed through the blades, the gravity head was 
unable to exert much influence on the air flow, and the volume of air 
delivered remained practically constant for all register air temper- 
atures. In the case of the bonnet fan, however, the lower segments of 
the circular openings in the bonnet at the entrance of the leader pipes 
offered an unobstructed path for the flow of air through channels 
separate from the fan. Hence, the volume of air, as shown for the fan 
in Fig. 20, increased as the register air temperatures were increased, 
and the curves were almost parallel to those for gravity flow over the 
whole range of register air temperatures. This indicates that as the 
register air temperatures increased, the actual fan delivery, repre- 
sented by the volume shown at a register air temperature of 65 deg. F., 
was augmented by the additional flow caused by the gravity head 
corresponding to the register air temperature. 

Thus, the curves of Fig. 20 show that for low speed operation, the 
volumes of air for register air temperatures of 65, 90, and 110 deg. F. 
were about 580, 800, and 900 cu. ft. per min., respectively, the differ- 
ence between 580 and each successive volume probably representing 
the additional volume obtained from the gravity head. The fact that 
the curves for the fan operation were not quite parallel to those for 
gravity, but tended to converge at the higher register air temper- 
atures, may indicate that friction and turbulence increased at a 
greater rate in the case of the fan operation as the velocity increased, 
due to the necessity for delivering greater volumes of air at less 
density, than was the case for gravity operation alone. 

A comparison of the performance of the system using the multi- 
blade centrifugal fan with the one having the six-blade propeller fan 
in the cold-air shoe may be made by inspection of the curves in 
Figs. 15 and 16. No direct comparison may be made for the system 
having the propeller fan in the bonnet, because the volume of air 
delivered in the tenth installation was not duplicated in any of the 
other installations. Furthermore, the use of gas as a fuel in the 
tenth installation introduces additional complications. 

On comparing Figs. 15 and 16, it is evident that, while the volume 
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curve for the propeller fan coincides with the volume curve No. 8 for 
the multiblade centrifugal fan, the register air temperature and 
capacity curves are approximately 10 per cent lower than the corre- 
sponding curves No. 8 for the centrifugal fan at a combustion rate of 
3.4 lb. This difference could be accounted for by: (1) actual differ- 
ence in the character of the air circulation in the case of the two fans, 
(2) a rise in temperature of the air after leaving the fan and before 
actually entering the casing in the case of the centrifugal fan, and 
(3) difference in the weights of air as determined by the two methods 
used. 

Special tests were conducted which proved that the rise in tem- 
perature of the air between the fan and furnace casing was less than 
one deg. F. The methods for calibrating and using the instruments 
for air measurement were then carefully re-checked, particularly with 
regard to the effect of air leakage. The results proved that no vari- 
ation was caused by the difference in methods used and that air 
leakage, if existing at all, would produce an effect opposite to that 
shown by the curves. 

The proof seems sufficient, therefore, that a decided difference 
existed in the character of the air flow in the lower part of the casing 
when the two different types of fans were used. This would neces- 
sarily cause a difference in the rate of heat transfer, and the difference 
in the curves for register air temperature and capacity for the centrif- 
ugal and propeller fans represents an actual reflection of the differ- 
ence in heat transfer when the two fans were used. 

The following conclusions may be drawn regarding the perform- 
ance of combination gravity and fan warm-air furnace systems during 
periods of either continuous gravity or continuous fan operation: 

(1) The use of a fan having a greater air delivering capacity 
than that normally produced by the gravity system operated at 
corresponding combustion rates, results in decreases in register air 
temperature, increases in capacity at the furnace bonnet, and in- 
creases in furnace efficiency, but not necessarily in increases in 
fuel economy or saving in fuel required to heat the house, as com- 
pared with the register air temperature, capacity, and efficiency 
obtained with the gravity system. 

(2) In combination gravity and fan systems, the capacity of 
the fan as installed must be greater than the volume of air that 
would be delivered by the same system operating on gravity at the 
register air temperature that would be required to heat the build- 
ing in the most severe weather prevalent in the given locality. 
Otherwise, the fan system, over the lower range of outdoor tem- 
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peratures, will operate with higher register air temperatures than 
would be required by the same system without the fan. 

(3) If a propeller type fan is installed in the cold-air shoe it 
should be shrouded to cause all of the air to pass through the 
blades at all times when the fan is in operation. When the fan is 
not in operation the shrouding should be by-passed in order to 
prevent interference with gravity flow. 

(4) With intermittent fan operation the heat stored in the 
castings and fuel bed may be utilized as a source from which to 
obtain an immediate increase in the heat delivered at the registers 
for a short period after the fan is started. 

(5) Considerable resistance to the flow of air by gravity may 
be offered by the presence of the idle fan. 

(6) The rate of heat transfer from the heating surfaces to the 
air may be influenced by the type of fan and the method of 
installation. 


13. Combustion Rates and Fuel Economy.—Although the use of a 
fan in the furnace system designed for gravity operation resulted in 
every case in increases in both furnace efficiency and capacity as 
compared with those obtained with gravity operation, Figs. 21, 22, 
and 23 indicate that these increases were not reflected in any materi a 
decreases in fuel consumption. Furthermore, the type of fan used 
did not apparently have any influence on the saving in fuel required 
to heat the house, while the type of fuel seemed to exert a slight 
influence. Thus both Fig. 21, for which the multiblade centrifugal 
fan was used in the cold-air shoe and anthracite coal was used as a 
fuel, and Fig. 22, for which the 6-blade propeller fan was used in the 
cold-air shoe and anthracite coal was used as a fuel, indicate that the 
combustion rates for given indoor-outdoor temperature differences 
were of the order of from 3 to 5 per cent less for fan operation than for 
gravity operation. In Fig. 23, however, for which the 4-blade pro- 
peller fan was used in the bonnet and gas was used as a fuel, it was 
not possible to show any definite reduction in fuel consumption at 
given indoor-outdoor temperature differences. 

An explanation of this condition is afforded by a consideration of 
the over-all house efficiency as discussed in Engineering Experiment 
Station Bulletin No. 189. An increase in furnace efficiency and 
capacity, resulting from the increase in the volume of air circulated 
through the casing by the fan, is effected by the absorption of more 
heat from the heating surfaces as the air passes through the casing. 
Thus more of the heat produced by the fuel will appear as heat at the 
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register faces. However, a large part of this additional heat delivered 
at the registers would ultimately have been utilized for heating the 
house, even if it had not been absorbed from the castings by the air 
passing through the casing. In the latter case, a higher flue gas 
temperature would have been maintained, and more heat would have 
been given off by radiation and convection from the smoke pipe and 
chimney. Since an inside chimney was used, this apparent heat loss 
from the smoke pipe and chimney would have remained in the house 
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to offset heat losses from the house itself. In this way the only true 
losses from the heating system are those resulting from the loss of 
combustible in the unburned gases in the flue gas and the unburned 
carbon in the refuse in the ashpit, and the loss in sensible heat in the 
gases at the top of the chimney. 

In Engineering Experiment Station Bulletin No. 189 it was shown 
that with anthracite coal the flue gas losses were of the order of from 
5 to 10 per cent, resulting in an over-all house efficiency of from 90 to 
95 per cent, including the ashpit loss. The losses with gas as a fuel 
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are approximately the same as those with anthracite coal. Hence, 
it is evident that savings greater than 5 per cent could not reasonably 
be expected if a fan is used in a system employing these fuels, unless 
the gases leave the top of the chimney at a temperature of approxi- 
mately 70 deg. F. 

Characteristic curves of flue gas temperatures for both fan and 
gravity operation are shown in Fig. 24. From these curves it is 
evident that with the increased velocity of the air in the case of fan 
operation, more heat was absorbed from the castings, resulting in 
lower flue gas temperatures both at the smoke collar and at the top of 
the chimney. However, the difference was greater at the smoke 
collar than at the top of the chimney, indicating a greater drop in 
temperature from the smoke collar to the top of the chimney in the 
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case of gravity operation. Hence more vagrant heat escaped into the 
house when the furnace was operated on gravity, and the small differ- 
ence in temperature at the top of the chimney indicates that no 
material difference in fuel economy in the two cases could be expected. 

Relative seasonal fuel costs for various fuels are presented in 
Section 21, Table 8. From this table it may be noted that with 
anthracite coal having a calorific value of 12 976 B.t.u. per lb., the 
seasonal cost was $158.50 for the gravity system. The use of a fan 
reduced this seasonal cost to $150.00, exclusive of the cost of elec- 
tricity, or a reduction of approximately 5 per cent. In the case cited, 
the fan was driven by a one-eighth horsepower motor which for the 
tests was operated continuously 24 hours a day. The power con- 
sumption was approximately 5.0 kilowatt hours per day, and, at the 
local rate of 5 cents per kilowatt hour, the daily cost for operating the 
fan was 25 cents. For the average heating season of 210 days this 
would represent a seasonal cost of $77.50 with the fan operated 
continuously. With intermittent operation, if the fan operated one- 
fourth of the total time, the seasonal cost for electricity would be 
approximately $19.00. This cost would have to be more than offset 
by a saving in cost of fuel used before a net saving could be shown. 
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While the use of a fan did not result in any material reduction in 
fuel cost, it was accompanied by an increase in the amount of heat 
delivered at the registers, and a decrease in register air temperature 
for given indoor-outdoor temperature differences. The latter is 
shown in Figs. 21, 22, and 23. Both of these are favorable character- 
istics. A larger percentage of heat at the register faces reduces the 
amount of vagrant heat in the house, and tends to make the control 
more positive, while reduced register air temperatures tend to reduce 
stratification and high temperature of the air at the ceiling. 

The following conclusions may be drawn from the results of these 
tests: 

(1) The use of a fan in a furnace system designed for gravity 
operation results in an increase in both the capacity and efficiency 
for the system based on the heat delivered at the furnace bonnet. 

(2) The inerease in furnace efficiency resulting from the use of 
a fan is not reflected as a material saving in fuel required to heat 
the house, particularly when an inside chimney is used. Such 
savings were of the order of from 0 to 5 per cent in the Research 
Residence. 

(8) The possible saving in fuel required is limited by the 
sensible heat loss in the flue gases at the top of the chimney. This 
loss is of the order of from 5 to 10 per cent and cannot be exceeded 
by the saving in fuel required to heat the house. 

(4) The saving in fuel is independent of the type of fan used 
in these tests, but is influenced to some extent by the type of fuel. 

(5) The reduction in fuel cost effected by the use of a fan in a 
Warm-air furnace system may be submerged by the cost of 
electrical current required to operate the fan. 


4. Temperature Distribution for Air in Rooms.—Practically all of 
the observations of the temperature of the air in the rooms of the 
Research Residence were made on the central vertical axes of the 
rooms. For this purpose a standard bearing three thermometers, one 
located 4 in. above the floor, one at the breathing level (5 ft. from the 
floor), and one 4 in. below the ceiling was placed at the center of 
each room. This procedure was justified by a special study of the 
temperature conditions existing in other parts of two typical rooms. 
The rooms selected for this study consisted of the living room, on the 
first floor, and the east bed room, on the second floor. Four additional 
standards bearing thermometers were located in each room as shown 
in Fig. 25, one at each corner, placed about 15 in. from the wall 
surfaces. At least four readings of all thermometers were made 


INVESTIGATION OF WARM-AIR FURNACES, PART V 59 


76.4? 76.6° Av. of 5 Station Readings: 
mW t4t Thue? Ceiling- 748° 


breath], Levél-7é.3° 
99° F/00r —-64.6° H.. 
vg 
W oy 
TEMIErQIUTES are Gus 


NS 
SS 


739° = «fOr Gravity 
, Goerariar. 

US” Outside Air 

oe a 135 Ge. F. 


= 


—S 


c 
SS EE 


——, 


749° T3BG° SESS eN 
—S 


can 


DQVEYORT 


Av. of 8 Station Readings: 
Ceiling 784° 
Breathg. Level- 6° 
Floor 6/.0° 


Stardardads 1518" trom 
Wal] Surlace, 
Excebr LIT 


704 Air 


Living Root -13-6"X 20-0", First Story 


Fic. 25. Location or THERMOMETER STANDARDS IN Livina AND East Bep Rooms 


during a time interval of over six hours. Such observations were 
made both with hall doors open and with them closed, and also under 
conditions of gravity operation of the furnace, and with fan operation 
with the propeller fan in the ninth installation. 

The temperature readings at the various stations are given in 
Tables 5 and 6 and in Fig. 25. From Tables 5 and 6 it may be noted 
that the maximum difference between the temperatures at the center 
station, No. III, and the average of those for all five stations was 
2.2 deg. F., which occurred at the floor level in the living room under 
conditions of fan operation. The difference in all of the other cases, 
with the exception of two, was less than one degree, and the average 
difference was about 0.6 deg. F. 

The last column in Tables 5 and 6 shows the maximum deviation 
between the highest and lowest temperatures recorded at the five 
stations for the given level. These deviations range from 1.5 to 5.1 
deg. F., with an average value of about 3.8 deg. F. Furthermore, 
the operation of the fan in the cold-air shoe did not reduce this maxi_ 
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mum temperature deviation to any appreciable extent over that ob- 
tained under conditions of gravity operation. Since all of these tem- 
perature differences were small, and particularly the differences 
between the readings at station No. III and the average of the read- 
ings of the five stations at the three given levels, the readings at the 
center of the room as made during the testing season may be ac- 
cepted as representative of the temperatures in the room as a whole 
at the different levels. 

The notes under Tables 5 and 6 show the temperature differences 
existing in both rooms from floor to ceiling, and from floor to breath- 
ing level. In the east bed room, with the furnace under fan operation, 
the floor-ceiling difference was 7.8 deg. F. as compared with 10.2 
deg. F. for gravity operation. However, in the living room the 
conditions were the reverse, and the floor-ceiling difference was 15.8 
deg. F. for fan and 12.7 deg. F. for gravity operation. Thus the fan 
operation improved the air temperature distribution in the second 
floor room, but gave more unfavorable distribution in the first floor 
room. It therefore appears that when single rooms are considered, 
an increase in the volume of air delivered to the room is not neces- 
sarily a guarantee that a decrease in temperature gradient from floor 
to ceiling will be obtained. 

A further study of the distribution of air temperatures, considering 
each of the three floors as a whole, is shown in Fig. 26. All of the fan 
systems used exhibited the same characteristics in regard to the dis- 
tribution of the air temperatures in the various rooms and temper- 
ature gradients from floor to ceiling. Hence, while Fig. 26 was 
plotted from data obtained from the tenth installation, with the 
bonnet fan, it is also representative of the performance of all of the 
fan systems tested. From Fig. 26 a comparison may be made of the 
air temperatures at the floor, breathing level, and ceiling on the first, 
second, and third stories for both fan and gravity operation at various 
indoor-outdoor temperature differences. The room air temperatures 
were observed over a period of two seasons under all types of weather 
conditions. For any given observation the temperatures obtained at 
the same levels in the different rooms on the same story were aver- 
aged. The first and second stories each contained four rooms, and the 
third contained two. These average room temperatures at the differ- 
ent levels were first. plotted against the indoor-outdoor temperature 
differences and Separate representative average curves were drawn, 
which were then transferred from the originals and combined, as 
shown in Fig. 26, omitting the points representing the individual 
observations in order to avoid confusion. 
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TABLE 7 
TEMPERATURE DISTRIBUTION IN RESEARCH RESIDENCE 
Comparison of bonnet fan and gravity operation 


Breathing Level Temp. in deg. F,* 


Installation 


1st Story 2nd Story 8rd Story 
Gravity, Installation No. 9...............- 71.8 69.9 67.2, 
Han winsvaliatwons N Osnl Oa..4 cise usr ccsehcseerere (2,2 68.1 64.3 


*The temperatures are for an indoor-outdoor temperature difference of 30 deg. F. and are taken 
from Fig. 26. 


From Fig. 26 it may be noted that while the gravity system was 
well balanced in respect to the amount of heat delivered to the three 
stories the increased volume of air delivered by the fan disturbed the 
balance in the distribution of heat. Table 7 has been compiled from 
Fig. 26, and shows that with the fan system there was some tendency 
to overheat the first story, the second story was slightly underheated, 
and the third story was decidedly underheated. Such a condition 
may reasonably be expected when a fan is introduced in a well de- 
signed gravity system and no adjustment made either by dampering 
or reducing the size of certain warm-air pipes. 

In the gravity system, the weight of air delivered by a given 
warm-air pipe depends on both the motive head produced by the 
height and temperature of the air column and the frictional resistance 
offered by the pipe and fittings. Since the motive head is less for 
first-story pipes than for second and third, the first-story pipes must 
be comparatively large in order to reduce the frictional resistance and 
thus compensate for the effect of lower motive head. If now a fan is 
used in this system, a positive pressure is produced which is practi- 
cally the same at the entrance of all pipes leading from the bonnet, 
and this positive pressure becomes the determining factor causing the 
additional flow of air. The additional weight delivered will be de- 
pendent only on the total resistance of the various pipes, and since 
the latter is comparatively low for the first-story pipes, a relatively 
larger proportion of the air will be delivered to the first story and 
correspondingly smaller proportions to the second and third stories. 

In the case of continuous fan operation the condition of unbal- 
anced heat delivery to the three stories might have been corrected by 
the use of dampers in the appropriate warm-air pipes. It is also 
probably true that in the case of intermittent fan operation, in which 
the controls operate to start the fan simultaneously with the opening 
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of the draft damper or at a predetermined temperature for the air in 
the furnace bonnet, the temperatures for the three stories could be 
equalized. This would have to be accomplished by the use of dampers 
in certain warm-air pipes and by adjusting the controls so that the 
frequency of the on and off periods of the fan offset the sacrifice in the 
balance of heat delivery during both the on and off periods. In either 
case, the use of dampers would increase the resistance of the system 
and make it less adaptable for the use of a propeller fan. In the 
second case, frequent operating periods for the fan would be necessary. 

Both of these cases, however, were considered outside of the scope 
of the present investigation, which was confined to the determination 
of the conditions existing during the operation of the fan in systems 
with a centrally located furnace primarily designed to operate on 
gravity during the major part of the time and requiring the fan at 
rather infrequent intervals when excessive heating demands make its 
use desirable. Investigation of intermittent operation has been 
reserved for the case of the forced-air system making use of a centrif- 
ugal fan adaptable to static pressures of the order of 1% to % in. of 
water and operating at frequent intervals. Such systems are not 
adapted to operation on gravity except for short periods between the 
operating periods for the fan. 

From Fig. 26 it is evident that the use of the fan resulted in re- 
duced temperature differences between the ceiling and floor on the 
second story. On the third story this difference was reduced in cold 
weather but increased in mild weather, and on the first story no 
change was effected. This performance was characteristic of all of 
the fan systems tested, and indicates that, over the range obtained on 
these tests, the increased air circulation produced by the fan was not 
sufficient to cause any marked improvement in the variation of air 
temperatures from floor to ceiling within the rooms. The following 
conclusions may be drawn from the results of these tests: 

(1) At given levels above the floor the variations in air tem- 
perature in different parts of the room are small, and the temper- 
atures observed on the central vertical axis of the room are 
representative of the air temperature at all points in the room 
at the same level. 

(2) The introduction of a fan in a well designed gravity system 
in which the heat delivered to the different stories is correctly 
balanced results in unbalancing the heat delivered to the different 
stories, unless adjustment is made by means of dampers in certain 
warm-air pipes. Such unbalancing action is manifested as a 
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tendency to overheat the first story and to underheat the second 
and third stories. 

(3) Over the range of air volumes observed in these tests, the 
increased air circulation produced by the fan over gravity circula- 
tion was not sufficient to cause any marked decrease in the tem- 
perature difference between the air at the floor and that at the 
ceiling as compared with the difference occurring under conditions 
of gravity operation. 


15. Temperature Distribution for Air in Furnace Bonnet.—In the 
case of every gravity furnace system tested, either in the Research 
Residence or at the Mechanical Engineering Laboratory, a marked 
lack of uniformity has existed in the temperature of the air entering 
the different leader pipes around the bonnet of the furnace. A study 
was therefore made of each fan installation to determine whether the 
use of a fan would serve to correct this condition. 

In Figs. 27 and 28, the radial lines represent the positions of the 
different leader pipes relative to the bonnet of the furnace and the 
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points on the concentric circles the temperatures observed at the 
entrance of the leader pipes. For Fig. 29 the temperatures observed 
at the warm-air boots were used, since the bonnet fan disturbed 
conditions at the entrance to the leaders. From each of these figures 
the temperature distribution for the fan system may be compared 
with that for the corresponding gravity system. 

From Fig. 27 it is evident that the use of the multiblade centrif- 
ugal fan delivering air to the cold-air shoe, while changing the dis- 
tribution somewhat, did not effect a better distribution than that 
obtained with the gravity system. The same was also true of the 
system with the propeller fan in the cold-air shoe, as shown in Fig. 28. 
For the same indoor-outdoor temperature difference, higher maximum 
temperatures are shown for the gravity system in the sixth installa- 
tion than for the one in the second installation because the former had 
21 cold-air returns while the latter had but one. The higher resistance 
of the 21-return system resulted in reduced air flow and made higher 
register air temperatures necessary in order to maintain the same 
capacity required to heat the house. 

The temperature distribution curves for the tenth installation, in 
which the fan was used in the bonnet of the furnace, are shown in 
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Fig. 29. The curve for gravity flow was obtained when the outdoor 
temperature was 38.7 deg. F. Under these conditions the average 
temperature of the air at the boots was 115.8 deg. F., and the maxi- 
mum deviation from the average was about 14 per cent. 

The two inner curves represent the temperature distribution for 
practically the same outdoor temperature as for the gravity case and 
with the fan operated at high and low speeds. Considerable improve- 
ment in temperature distribution is evident, since the maximum 
deviation from the average was of the order of 5 per cent. The aver- 
age boot temperature in the two cases, however, was only 92.2 and 
98.8 deg. F. 

In order to determine whether the better temperature distribution 
was brought about by the reduction in air temperatures made possible 
by the use of the fan, or by the action of the fan itself, the furnace 
with the fan running was operated independently of the heating 
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requirements fixed by the outdoor temperature in such a way as to 
obtain an average boot temperature comparable with the 115.8 deg. 
F. obtained with gravity operation. The average obtained in this 
case was 116.0 deg. F., and the maximum deviation from the average 
was about 7 per cent. Hence, it seems apparent that most of the 
reduction in maximum deviation shown by the two inner curves in 
Fig. 29 was the result of the action of the fan, and in this respect the 
location of the fan in the bonnet proved more advantageous than the 
location in the cold-air shoe. The following conclusions may be 
drawn from the data presented: 

(1) The common practice of installing a number of separate 
warm-air pipes leading from a comparatively low furnace bonnet 
results in a marked lack of uniformity in the temperature of the 
air entering the different pipes. 

(2) The irregularities in the temperature of the air entering the 
different warm-air pipes when taken from such a bonnet as de- 
scribed in item (1) could not be corrected by introducing a fan of 
the types tested into either the cold-air return or the bonnet of the 
furnace. The latter position is somewhat more advantageous. 

(3) The maximum deviation from the mean temperature of the 
air entering all of the warm-air pipes is less at low than it is at high 
register air temperatures. The use of a fan may, therefore, result 
in some improvement in the air temperature distribution in so far 
as it may lower the average operating register air temperature as 
compared to that required for gravity operation. 


16. Air Delivery of a Six-Blade Propeller Fan.—lt was observed 
that, when the propeller type of fan was used, either in the cold-air 
shoe or in the furnace bonnet, the actual volume of air delivered was 
materially less than the volume specified in the fan rating. Since such 
fans are usually designed and rated for conditions of free air delivery, 
and their use in connection with ducts or closed systems is not gen- 
erally recommended, it was considered that a special study of the 
performance of the propeller fan under various conditions was war- 
ranted. The six-blade 16-in. propeller fan used in the ninth installa- 
tion was selected for these tests. This fan was directly connected to a 
\y-h.p. motor operating at a speed of 850 r.p.m. At this speed, the 
rating, presumably based on some method approximating delivery 
into free air, of which the American Society of Heating and Venti- 
iating Engineer’s Code for testing propeller fans is the accepted 
standard, was 1350 cu. ft. per min. 

The fan was therefore tested first under conditions of free air 
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delivery. For this purpose it was located in the basement of the 
Research Residence, where it was free from obstructions and inci- 
dental air currents, and placed with the axis of the blades 27% in. 
above the floor. No guard ring was provided, since none was used 
when the fan was installed. The volume of air delivered was deter- 
mined from traverses of the air stream made by means of a pitot tube 
or an anemometer at various distances of from 6 in. to 6 ft. in front 
of the blades. 

The anemometer traverses were made at distances of from 1 ft. to 
6 ft. from the front edge of the fan blades. The plane of the traverse 
was perpendicular to the axis of rotation of the fan, and was divided 
into squares having sides 6 in. or less in length. The anemometer 
readings were taken in the center of these squares, the average of 
several readings was recorded, and the observed velocities were cor- 
rected from the calibration of the anemometer. This instrument will 
not indicate velocities of less than approximately 30 ft. per min. 

Pitot tube traverses were made at distances of 3, 6, and 9 in. from 
the front edge of the fan blades, and the measurements were made at 
the centers of squares having sides two inches or less in length. 
The pitot tube was held perpendicular to the plane of traverse, and 
hence only the axial component of flow was measured. Since the fan 
discharged freely into the atmosphere, the static pressure in the air 
stream was zero, and hence the velocity pressure was equal in value 
to the total pressure* read by means of the dynamic, or total pressure 
tube. The use of the static tube in connection with the total pressure 
tube, as in the usual arrangement, involved difficulties caused by the 
swirls of air impinging on the static pressure openings in the pitot 
tube. The pitot tube readings in these tests were therefore made with 
the total pressure tube alone used in connection with an inclined 
manometer. 

The minimum reading of 0.01 in. water on the manometer gage 
corresponds to a velocity of about 400 ft. per min. At distances 
within 2 ft. from the fan, the boundary of the air stream was clearly 
defined from the surrounding still air so that the possible errors due 
to the omission of very low velocity measurements were not 
appreciable. 

The curves representing free air delivery for the fan operated at 
constant speed are shown in Fig. 30, in which both the volume de- 
livered and the air velocity have been plotted against the distance 
downstream from the fan blades. The volume curve shows an in- 
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crease from about 1000 cu. ft. per min. at a distance of 4 ft. from the 
fan to over 5000 cu. ft. per min. at a distance of 6 ft. The volume 
corresponding to the fan rating of 1350 cu. ft. per min. was obtained 
at a distance of approximately 14 fan diameter downstream. The 
high velocity in the jet of air from the fan blades rapidly decreased as 
the air moved downstream and part of the kinetic energy, or energy 
due to velocity, was transferred to the air entrained from the sur- 
rounding still air. This velocity decrease, as well as the increased 
area of air disturbance, is clearly shown in Fig. 30, which indicates ° 
that the total amount of disturbance produced may be far in excess 
of the actual volume of air delivered through the fan blades. 

The volume of air delivered at distances less than 14 ft. from the 
fan was slightly less than the rated capacity of the fan, but the 
agreement was reasonably close considering the difference between 
the methods employed in the two cases. With the use of a testing 
arrangement more nearly approaching that recommended in the 
American Society of Heating and Ventilating Engineers test code, 
it was found that the air delivery corresponding to the rating of the 
fan was obtained. 

Since the actual free air delivery for the fan closely approximated 
the rated delivery of 1350 cu. ft. per min., while the delivery, as 
shown by Fig. 16, was only 950 cu. ft. per min. when the fan was 
installed in the cold-air shoe of the furnace, a further study was made 
in order to determine a possible cause for the reduction in volume of 
air delivered when the fan was used under service conditions. For 
this purpose the six arrangements shown in Fig. 31 were used. 

For the first three arrangements the fan was placed in a rectangu- 
lar duct 18 in. high, 40 in. wide, and 9 ft. long. The downstream end 
of the duct was divided into 6-in. squares, and the air velocity was 
determined from the readings of an anemometer placed successively 
at the center of each square. In the first arrangement the fan was 
placed in the duct, as shown, without obstructions or dampers. 
The duct offered very little resistance to air flow, and the air could 
pass by the fan on either side, as well as through the blades them- 
selves. The air delivery of 2085 cu. ft. per min. indicated that some 
induction of air occurred. 

In the second arrangement slide dampers from the sides enclosed 
the fan blades and forced all of the air to pass through the opening 
containing them. This arrangement corresponded approximately 
with that recommended in the American Society of Heating and 
Ventilating Engineer’s Code, and the air delivery of 1385 cu. ft. per 
min. obtained agreed closely with the rating of 1350 cu. ft. per min. 
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In the third arrangement, an obstruction was placed behind the 
fan, in the inlet end of the duct, in order to simulate the resistance of 
the cold-air return system in a furnace plant. The air delivery of 
1310 cu. ft. per min. indicates that the effect of the obstruction was 
relatively small. 

It is evident that in each of these three cases the volume of air 
delivered was considerably greater than the 950 cu. ft. per min. 
delivered by the fan installed in the cold-air shoe of the furnace. 
In order to determine the air delivery under conditions more nearly | 
approximating those in the actual service installation, the cold-air 
shoe was detached from the furnace, and the return duct and shoe, 
with the fan in place, were rotated through 90 degrees, thus allowing 
the air to be discharged into the basement instead of into the furnace 
casing. By means of a transition piece the outlet from the shoe was 
first modified to conform to the 18-in.-by-40-in. duct used in arrange- 
ments Nos. 1, 2,and 3. Thisis shown as arrangement No. 4 in Fig. 31. 

In this arrangement the volume of air delivered was determined by 
two simultaneous anemometer traverses; one made in the return duct, 
duplicating the method actually used in the service tests on the fur- 
nace, and the other made at the rectangular opening at the end of the 
cold-air shoe. The traverse in the return duct indicated a delivery 
of 1240 cu. ft. per min., as compared with 1280 cu. ft. per min. 
obtained from the traverse at the open end, thus tending to sub- 
stantiate the correctness of the method used for determining the air 
flow in the service tests. A further study made with arrangement 
No. 5, which was similar to No. 4 except that the air was discharged 
from a rectangular opening the full size of the cold-air shoe, resulted 
in an air delivery of 1240 cu. ft. per min. 

The air delivery observed for these two arrangements was some- 
what less than the 1310 cu. ft. per min. observed for arrangement 
No. 3. This might possibly be attributed to greater resistance in the 
return duct than the resistance of the duct and obstruction used in 
arrangement No. 3. However, it seemed reasonable that the resist- 
ance of the return duct was the less of the two. Furthermore, it did 
not seem reasonable that the resistance of the furnace and warm-air 
piping system, which, as indicated by Fig. 35, was very small, would 
be sufficient to further reduce the air delivery from the 1240 cu. ft. 
per min. for arrangement No. 5 to the 950 cu. ft. per min. obtained 
in the service tests. Therefore, the cause of these reductions should 


be sought as something outside of mere increases in frictional 
resistances. 
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A study of the individual anemometer readings in the traverse of 
the open end of the cold-air shoe proved that a positive outward flow 
of air occurred over only about two-thirds of the area. Over the 
remaining one-third, located at the left-hand side of the face, the 
anemometer readings were negative, indicating a flow of air into the 
discharge end of the duct and toward the fan. This air was then 
entrained by the main-air jet and delivered through the active 
two-thirds of the outlet. This condition was caused by the fact that 
the duct did not conform to the envelope of the jet produced by the 
fan. Since the duct was larger than the envelope, the air stream did 
not fill the entire cross-section, and, as a consequence, regions of 
negative pressure occurred which resulted in the formation of eddies 
or regions of turbulence. The amount of energy loss resulting from 
such turbulence is largely conjectural, but might easily be sufficient 
to explain the reduction in fan capacity under similar conditions. 

The only difference between arrangement No. 5 and the one used 
in the actual furnace tests was that the furnace was present in the 
latter. This indicated that the same character of flow, with turbu- 
lence in the same portion of the shoe, might exist in the actual furnace 
arrangement. A survey was therefore made of the conditions existing 
in the shoe in the arrangement shown as No. 6 in Fig. 31. This survey 
was made by means of an anemometer, smoke, and light threads, and 
proved that turbulent conditions similar to those found in arrange- 
ment No. 5 were present. The velocity of the counter current along 
one side of the shoe attained a maximum of 200 ft. per min. Other 
regions of negative pressure and turbulence were located as shown in 
Fig. 32. | This turbulence absorbed part of the energy supplied by the 
fan, thus impeding the flow and reducing the fan capacity to 950 
cu. ft. per min. when used under these conditions as compared with 
the capacity of 1350 cu. ft. per min. under conditions of free air 
delivery. 

The fact that this energy transformation in the form of turbulence 
all occurred in the shoe and in the bottom of the casing, below the 
level of the top of the shoe, and that the reduction in flow was not 
brought about by the resistance of the furnace itself and connected 
warm-air pipes, is indicated in Fig. 35. In this figure, the static 
pressure shown was measured in the casing in a plane just above the 
top of the shoe, and hence represented the resistance of the furnace 
and piping. The pressures shown agree very closely with the ones 
obtained in the shoe with the centrifugal fan, in which case the flow 
was uniform over the cross-section of the shoe. ‘These pressures 
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ranged from +0.01 to —0.01 in. of water, becoming zero at a register 
air temperature of 100 deg. F. The total change in resistance was 
not sufficient to cause a material change in fan delivery over the 
whole range of the tests. This total range in fan delivery was from 
940 cu. ft. per min. at low register air temperatures to 960 cu. ft. per 
min. at high. Hence it is not probable that if a change in resistance 
of 0.02 in. of water could reduce the fan capacity only 20 cu. ft. per 
min,, the actual maximum resistance of +0.01 in. of water could 
reduce the capacity from 1300 cu. ft. per min. on free delivery to 
950 cu. ft. per min. when placed in the shoe. Therefore, the total 
reduction in energy caused by turbulence must have occurred in the 
bottom of the casing and ahead of the plane in which the static 
pressures were measured. 

The results of this study indicate that the propeller fan, as usually 
installed in the cold-air shoe of a warm-air furnace, is not well adapted 
for the purpose of circulating the air. The design of the shoe is such 
that jet action occurs and the duct does not run full. The total 
energy available from a propeller fan is usually small and the resulting 
turbulence must necessarily reduce the quantity of air delivered. 
Hence it is to be expected that under such conditions the air delivery 
as installed will be less than the rated capacity, when such rating is 
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based on free air delivery or on the method approved by the American 
Society of Heating and Ventilating Engineers’ Code for testing pro- 
peller fans. These conditions are complex in nature and difficult to 
anticipate and correct. Such corrective measures would be dependent 
entirely on the characteristics of the plant and fan, and might possibly 
be accomplished by making the cold-air shoe conform to the natural 
envelope of the air jet, or would involve careful streamlining and the 
judicious location of diverters. 

The principal conclusions in regard to the use of propeller fans 
may be summarized as follows: 

(1) The jet of air from a propeller fan delivering freely into the 
atmosphere entrains part of the surrounding air and induces a flow 
at some distance from the fan that may be greatly in excess of the 
volume actually passing through the blades as measured at a 
distance of one-half of a fan diameter in front of the blades. 
That is, the volume of air delivered through the fan is a relatively 
small measure of the actual disturbance and induced flow 
produced in the surrounding air. 

(2) The volume of air delivered, as measured at a distance of 
one-half of a fan diameter in front of the blades, is in close agree- 
ment with the free air delivery as determined by a method similar 
to that recommended in the American Society of Heating and 
Ventilating Engineers’ “Standard Test Code for Dise and Pro- 
peller Fans, Centrifugal Fans and Blowers.” 

(3) The resistance of short wide ducts delivering freely to the 
atmosphere did not materially reduce the volume of air delivered 
by the fan as compared with the volume delivered at a distance of 
one-half of a fan diameter in front of the blades when the fan was 
used in free air. 

(4) The stream of air delivered by a propeller fan assumes, 
approximately, the shape of a truncated cone with a circular base 
and with the truncated top at the most contracted section of the 
air stream a short distance from the fan disc on the discharge side. 

(5) In a duct that does not deliver freely to the atmosphere 
and does not conform exactly with the cone-shaped envelope of 
the expanding jet of air delivered by a propeller fan, eddies and 
localized regions of turbulence will exist which absorb part of the 
energy furnished by the fan, and may materially reduce the vol- 
ume of air delivered as compared with that delivered under free 
air conditions or with the delivery with a properly shaped duct. 

(6) The cold-air shoe of a warm-air furnace does not as a rule 
conform in shape to the envelope of the jet of air delivered by a 
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propeller fan. Unless special attention is given to the selection of 
the fan and the design of the duct adapted to the particular fan, 
and possibly to the correct design and location of baffles or di- 
verters, the actual volume of air delivered will be less than the 
maximum attainable capacity, and in many cases less than the 
manufacturer’s rating of the fan. 


17. Friction Losses and Static Pressures.—In the design of a forced 
air system of any kind the total static pressure resulting from the 
friction loss through the system is closely related to the choice of a 
fan of suitable characteristics to deliver the required air volume. 
This is particularly true of the propeller type of fan, which is not 
generally designed to deliver against any appreciable static pressure. 
Very little information is available on the static pressures imposed by 
gravity warm-air furnace systems, and practically no consideration 
has been given to the unusual operating conditions in which the fan 
must operate in a more or less rapidly moving current of air created 
by the gravity or natural circulation of the furnace. The installations 
in the Research Residence afforded the opportunity to obtain such 
information over a wide range of operating conditions, and studies 
were therefore made on the seventh and ninth installations. 

In the seventh installation, shown in Fig. 7, in which a multi- 
blade centrifugal fan was used, the air volumes were measured by 
means of a pitot tube placed in the 12-in. round pipe from the fan 
discharge as discussed in Section 9. Static pressures were observed 
by using the static connection from a pitot tube and making a traverse 
by placing the tube successively in six positions in the cross-section of 
the cold-air shoe just outside of the line where the shoe joined the 
casing. 

In the ninth installation, shown in Fig. 8, in which a six-blade 
propeller fan was used, the air volumes were measured by means of a 
calibrated anemometer in the recirculating duct, as discussed in 
Section 9. Since considerable jet action was found in the shoe itself, 
indicating that the shoe did not run full, the static pressures in this 
case were measured by means of a pitot tube inserted in the casing 
about 3 in. above the top of the shoe. In this plane practically all of 
the velocity of the jet from the fan had been converted into pressure 
head. 

In all cases the static pressures were observed by means of a 
Wahlen gage, or Illinois micromanometer, reading to 0.0005 in. of 
alcohol, and represented the net resistance of the furnace, casing, and 
connected warm-air pipe system. The plant was maintained at a 
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predetermined register air temperature for a period of sufficient length 
to establish thermal equilibrium, and this temperature was main- 
tained constant while the pressure measurements were being made. 

The observed static pressures for the centrifugal fan in the seventh 
installation are shown in Fig. 33, in which all pressures above atmos- 
pheric are represented as positive and all pressures below atmospheric 
as negative. The curve for 666 cu. ft. per min. was most completely 
established and was used as a base for the shape of the other curves. 
some inconsistency may be observed in two of the lower points ob- 
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tained with very low air volumes and high register air temperatures, 
because under these conditions the furnace “breathed” and air was 
drawn in through the warm-air register in the kitchen. 

From Fig. 33 it may be noted that as the register air temperature 
was increased, the increasing negative, or suction, head created by 
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the furnace combined with the positive pressure head produced by the 
fan, and resulted in decreasing values for the observed static pressure. 
The latter became zero at some register air temperature below 140 
deg. F. for all volumes of air delivered up to 1258 cu. ft. per min. and 
negative values were obtained at register air temperatures above 
certain limits depending on the volume of air delivered. Hence these 
values cannot represent the true frictional resistance of the system. 

Since the temperature of the entering air was always approxi- 
mately 65 deg. F. and at this register air temperature no gravity 
motive head could become effective, the static pressure correspond- 
ing to a register air temperature of 65 deg. F. represents the real head 
necessary to overcome the frictional resistance and turbulence losses 
in the warm-air side of the system including registers, wall stacks, 
boots, boxes, basement pipes, furnace, and casing. This true friction 
head has been plotted separately and is shown in Fig. 34. It may be 
noted that the head loss is low, not exceeding 0.026 in. of water when 
the volume of air circulated was 1486 cu. ft. per min. or practically 
twice the normal gravity air circulating capacity of the furnace at the 
135 deg. F. register air temperature required for zero weather. 

The observed static pressures for the propeller fan in the ninth 
installation are shown in Fig. 35. This fan delivered approximately 
950 cu. ft. per min., which amount remained practically constant over 
the whole range of register air temperatures. The curve in Fig. 35 
exhibits the same characteristics as the ones shown in Fig. 33, and the 
numerical values of the static pressures agree closely with the ones 
given by the corresponding curve for 944 cu. ft. per min. in the latter 
figure. Furthermore the friction head of 0.010 in. of water as indi- 
cated at a register air temperature of 65 deg. F. is in close agreement 
with the value of 0.012 read at a volume of 950 cu. ft. per min. from 
the curve for the centrifugal fan installation shown in Fig. 34. A 
somewhat higher pressure is to be expected in the case of the centrif- 
ugal fan, since the pressures were measured just outside of the casing 
and hence included the entry loss for the shoe. The pressures 
measured in the casing, just above the shoe, did not include this loss 
in the case of the propeller fan. 

Since the observed static pressures at all register air temperatures 
above 65 deg. F. shown in Fig. 35 represent the composite effect of 
the pressure produced by the fan and the suction created by the 
furnace, it is reasonable to assume that the suction, or gravity, head 
created by the furnace is represented by the difference between the 
observed static pressure for the given register air temperature and the 
observed static pressure at 65 deg. F. These differences for the ninth 
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installation are shown in the lower pressure curve in Fig. 36. The 
curve for volume of air circulated per minute under gravity flow alone 
is also shown as a matter of interest to compare with the constant 
volume of 950 cu. ft. per min. delivered by the fan. 

The upper pressure curve in Fig. 36 represents the observed static 
pressures or suction heads produced by the furnace under the condi- 
tions of gravity flow with the fan not in operation. It may be ob- 
served that these suction heads are less than the ones determined by 
difference, and shown in the lower curve. When the furnace is 
operating under its own motive head, it must create not only the head 
necessary to overcome friction but also the velocity head. Hence the 
observed static pressure will be less than the theoretical head cal- 
culated from the difference in weights of the air columns on the hot 
and on the cold sides of the system. 

When the fan is operated, it creates the velocity head and prob- 
ably either all, or part, of the head required to overcome friction. 
The gravity head obtained by difference, shown in the lower curve, 
therefore, probably represents the theoretical gravity head, or the 
gravity head under conditions of no flow. An approximation of the 
latter may be made by application of the chimney formula: 


it 1 
D= 7.04 H| = x =| 
fh see oe 


in which D = theoretical draft in inches of water, H = height of 
chimney in ft., 7, = absolute temperature on cold side of the system 
in deg. F., and 7, = absolute temperature on hot side of the system 
in deg. F. In applying this formula, it was assumed that the height 
of the second-story wall stacks from the grate line to the centers of the 
registers represented the mean height of the warm-air columns, and 
the average register air temperature represented the mean temper- 
ature on the hot side. This computation resulted in D = —0.0267 
for a register air temperature of 130 deg. F., and D = —0.0151 for a 
register air temperature of 100 deg. F. The corresponding values 
read from the lower curve in Fig. 36 were —0.0165 and —0.0100, 
respectively. This agreement is reasonably close, considering the 
uncertainty in regard to the actual mean height and actual mean 
temperature for the system, and tends to confirm the conclusion that 
the suction heads determined by difference represent the gravity 
motive heads under conditions of no flow. A similar curve derived 
for the centrifugal fan from Fig. 33 for a volume delivery of 944 cu. ft. 
per min. is in close agreement with the curve shown in Fig. 36. 
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The following conclusions may be drawn from the data presented: 

(1) The observed static pressure, measured at the bottom of 
the furnace casing, with the fan operating and the furnace not 
under fire, represents the resistance of the system due to friction 
and turbulence beyond the point of measurement. 

(2) The friction loss in a well-designed gravity furnace system 
is small, and the observed heads are very low even with a cold 
furnace. 

(3) When the furnace is under heat, the observed static pres- 
sures at the bottom of the casing decrease as the register air 
temperatures increase, and assume negative values at the higher 
register air temperatures. 


V. Housr anv FURNACE OPERATION WITH 
CONVERSION GAs BURNER 


(Datny Tests 363-450) 


18. Preliminary Statement——This chapter deals with tests that 
were run largely for the purpose of comparing the performance 
characteristics of both house and furnace when the latter was fired 
with anthracite coal and with gas, and of determining the relative 
cost of operation with these two fuels under the same conditions. 
Some tests were run with gas alone in order to determine whether any 
saving in fuel could be effected by reducing the room air temperatures 
to 60 deg. F. at night instead of maintaining a temperature of 70 
deg. F. at the breathing level during the 24 hours of the day. 

All tests were run under gravity head on the ninth installation 
with the fan removed. This installation is shown in Fig. 8 and, with 
the fan removed, it was practically a duplicate of the second installa- 
tion. For reference, it has been designated as installation No. 9a. 
With both fuels, the fire was controlled by means of a room thermo- 
stat located in the dining room and an auxiliary thermostat located in 
the bonnet of the furnace. The gas burner has been described in Sec- 
tion 6 and the test methods have been discussed in Section 9. 

In the case of the gas-fired furnace, one series of tests was run with 
the room temperature at the breathing level in the dining room main- 
tained at 70 deg. F. 24 hoursa day. A second series was run with the 
room temperature reduced to 60 deg. F. at 10 p.m. and then increased 
the following morning so that by 8 a.m. it had again attained 70 deg. F. 
The temperature of 70 deg. F. was maintained during the hours from 
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8 a.m. to 10 p.m. All observations were made at 7 a.m., 11 a.m., 
4 p.m., and 10 p.m. during each 24-hr. period. 


19. Furnace Performance Characteristics.—The performance curves 
for the furnace, fired both with anthracite coal and with gas, are 
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shown in Fig. 37, from which the results may be compared on the 
basis of a common heat input to the furnace. It should be noted 
that these curves represent the performance of the furnace with the 
gas burner operated on the on-and-off principle, with the on and off 
periods determined by the normal heat demand of the house, and that 
the efficiency is based on the heat output at the furnace bonnet. 
Both the register temperature and capacity curves for the two cases 
are nearly coincident over the lower range of heat inputs, representing 
mild and medium outdoor temperatures. An equivalent register air 
temperature of approximately 127 deg. F. was required in zero 
weather with operation on either gas or coal. At heat inputs above 
80 000 B.t.u. per hr., representing severe weather, the capacity ob- 
tained with gas firing was somewhat greater than that obtained 
with coal. 

The efficiency of the furnace when fired with gas was practically 
constant at 60 per cent over the whole range of heat inputs. On the 
other hand, when coal was used the efficiency decreased fairly uni- 
formly from a value above 70 per cent to one of approximately 49 per 
cent when the combustion rate was increased from 0.8 to 3.8 lb. per 
sq. ft. per hr. At rates of heat input greater than 75 000 B.t.u. per 
hr. the efficiency with gas firing was higher than that with coal 
firing, but at rates less than 75 000 B.t.u. per hr. the reverse was true. 

The curves for flue gas temperatures, shown in Fig. 38, indicate 
that at low heat inputs these temperatures were higher when gas was 
used than they were with coal, while at higher heat inputs, the tem- 
peratures obtained with gas were lower than those obtained with coal. 
This in itself is consistent with the condition shown by the efficiency 
curves in Fig. 37. However, the burner was off a larger percentage of 
the time at low heat inputs than at high, and during the off periods 
some air was drawn into the furnace through the small annular orifice 
at the fan inlet. The effect of this excess air would naturally be to 
reduce the flue gas temperature during the off periods, and, since the 
curves represent the averages for both on and off periods over 24 
hours a greater reduction in the average would be expected at low 
heat inputs to the furnace, when the off periods were relatively long, 
than at high inputs, when the off periods were relatively short. 
The fact that the excess air at low heat inputs did not reduce the 
average flue gas temperatures for gas firing to a greater extent than 
shown in the curves of Fig. 38, thus bringing them below the curves 
for coal firing, might be indicative that the heat absorption in the 
case of gas firing was relatively poorer at the low rates of firing than 
at the higher ones, and that the increase in flue gas temperature due 
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to poorer heat absorption more than offset the reduction due to excess 
air. This was probable, because when the burner was off for consid- 
erable periods, as it was at the low firing rates, the furnace castings 
cooled more than they would for the higher rates when the off periods 
were shorter. Furthermore, at low rates, the on periods were shorter 
than at higher rates, and the castings did not heat up as much. The 
net result would be that at the low firing rates the furnace operated 
with the castings at lower temperatures than at the higher rates, and 
the heat transfer from castings to air under these conditions would be 
less favorable than at the higher rates. Hence the peak temperatures 
for the flue gas at the low firing rates, although actually lower than 
those at the higher rates, may have been relatively higher than they 
would have been under more favorable conditions of heat transfer, 
and both excess air and poorer heat transfer contributed to the lower 
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efficiencies obtained with gas firing at the low rates of heat input. 
The flue gas temperatures obtained with gas firing were at no time 
excessive and the curves indicate that high flue gas temperatures are 
not necessarily an accompanying attribute of a conversion gas burner. 

The fact that the heat output required for zero weather, as noted 
on the curves in Fig. 37, was approximately the same, whether the 
furnace was operated with gas or with coal, indicates that the over-all 
house efficiency was the same for the two cases. In the case of 
anthracite coal, this efficiency was found to range from about 90 to 
97 per cent. 

Figure 39 indicates that when the furnace was fired with gas the 
characteristic distribution of the air temperatures at the entrance to 
the warm-air pipes around the bonnet was not changed from that 
obtained with coal firing. The numerical values for the temperatures 
at the corresponding warm-air pipes for the same indoor-outdoor 
temperature difference also agreed very closely in the two cases. 

The following conclusions may be drawn from the data presented: 

(1) For given heat inputs the operating characteristics, or 
capacities, register air temperatures, and distribution of air tem- 
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perature at the furnace bonnet are not essentially different for the 
same furnace installed in a given plant, whether the furnace is 
fired with coal or with gas used in a conversion burner. 

(2) The efficiency based on the heat delivered at the bonnet 
is constant over a wider range of heat inputs when the same 
furnace is fired with gas under the conditions of these tests than 
when it is fired with anthracite coal. 

(3) The over-all house efficiency is practically the same when 
the same furnace is installed in a given plant and operated either 
with a gas conversion burner of the type used or with anthracite 
coal. 

(4) High flue gas temperatures and resulting low efficiencies 
are not necessarily characteristic of a conversion gas burner. 


20. House Performance Characteristics—Figure 40 shows a typical 
set of recording thermometer charts giving the temperatures at the 
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breathing level and of the register air in the dining room and the 
flue gas temperature at the mid-point in the smoke pipe, when the 
furnace was fired with gas. These charts cover a period of 24 hours, 
and show that with a temperature of 20 deg. F. outdoors, the burner 
operated on and off approximately 100 times during the 24 hours, 
the on periods being about the same length as the off. They further 
show that a remarkably uniform temperature of the air at the breath- 
ing level was maintained, and at the same time no great periodic 
fluctuations in the register air temperature or flue gas temperature 
occurred. A similar set of charts published previously in Engineering 
Experiment Station Bulletin No. 189 proved that, by careful adjust- 
ment of an auxiliary thermostat in the furnace bonnet, practically as 
uniform temperature of the air at the breathing level could be main- 
tained with coal firing, but this was accompanied by rather wide 
fluctuations in both the register air and flue gas temperatures. 

The room air temperature conditions, as shown in Fig. 41, were 
approximately the same for the coal- and the gas-fired installations. 
The temperature gradient from floor to ceiling in a first-story room 
was the same for both fuels. In the second-story room the temper- 
ature at the ceiling was approximately one degree higher for the gas- 
fired installation than for the coal-fired. However, there was no 
indication that gas firing in a gravity installation would materially 
change the operating characteristics for either house or furnace from 
those obtained from the same installation fired with anthracite coal. 
Hence comparisons made between two separate gas-fired-installations 
would be equally applicable to the same installations fired with coal. 
Such comparisons have been made in Chapter IV. On the other 
hand, comparisons made between two different installations, one fired 
with coal and the other with gas, have been regarded as of doubtful 
validity in establishing the effect of changes in the plant and have 
not been made. The following conclusions may be drawn from the 
comparison of the results obtained from the same furnace when 
installed in the same plant and fired with both gas and anthracite coal: 

(1) The operating characteristics of both house and furnace 
were essentially the same for both methods of firing. 

(2) Comparisons based on different installations fired with gas 
used in a conversion burner are equally valid for the same instal- 
lations fired with anthracite coal. 


21. Fuel Economy and Fuel Costs—The relative daily fuel con- 
sumption and fuel cost to heat the Research Residence with gas and 
with anthracite coal used in the same installation are shown in 
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Fig. 42. The two lower curves give the fuel consumption for various 
indoor-outdoor temperature differences maintained for 24 hours. 
Since the fuel consumption is measured in different units these two 
curves are not directly comparable. The upper set of curves, however, 
derived from the fuel consumption curves, and showing the fuel cost 
to heat for a 24-hr. period, are expressed in the same units and are 
therefore directly comparable. The daily costs for gas fuel vary from 
1.85 to 2.0 times the cost for anthracite coal, depending on the indoor- 
outdoor temperature difference. For an outdoor temperature of 
30 deg. F., represented by an indoor-outdoor temperature difference 
of 40 deg., the cost of gas for a 24-hr. period was $1.85 and that for 
hard coal was $0.95. These figures were based on the following heat 
values and actual fuel costs at Urbana, Illinois: 

Anthracite Coal; 12 976 B.t.u. per Ib. at $16.50 a ton. 

Manufactured Gas; 565 B.t.u. per cu. ft. at $0.75 per 1000 cu. ft. 

The curves also show the relative costs with other unit prices for 
the fuel. 

In a previous bulletin* the results of a study of the seasonal fuel 
consumption and economy with six varieties of solid fuels was pre- 
sented. These results, extended to include those for the season of 
1929-1930 and for the operation with manufactured gas, are given in 
Table 8. Inasmuch as weather conditions during the tests were not 
controllable, and the rates of combustion varied with the weather, 
the procedure shown in Columns 4, 5, and 6 of Table 8 was followed 
to obtain an equable basis for comparing the results. Column 4 
shows the temperature difference between the air inside and that 
outside of the house. The values shown in this column are propor- 
tional to the operating loads on the heater. These loads were unequal. 
Column 5 shows the average combustion rate for the particular fuel 
and load, and for the particular number of daily tests from Column 3. 
Column 6, obtained by dividing values of Column 5 by those of 
Column 4, shows the factors upon which the relative consumptions of 
fuel were based. The values in Column 6 were used for the compu- 
tation of the values in Columns 8, 13, and 16. 

Column 7 shows a conversion of the values of Column 6 from a 
weight basis to one of calorific value. It may be used to compare the 
fuels on the basis of thermal efficiency. The values show that fuels 
for which the smallest number of heat units were expended in heating 
the house were not the most.economical fuels from the standpoint of 
cost. Column 8 shows the approximate combustion rate necessary to 
heat the house to 70 deg. F. in zero weather. Columns 10, 11, and 12 


*“Investigation of Warm-Air Furnaces and Heating Systems, Part IV,” Uniy. of Ill. Eng. Exp. 
Sta. Bul. 189. Chapter VIII. 
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are, respectively, the heat value, ash content, and percentage of 
volatile gases in the fuels. 

By using the values of Column 6 and a total seasonal heating load 
of 6160 degree-days, the total seasonal tonnage shown in Column 13 
was obtained. A seasonal load of 6160 degree-days is about normal 
for the locality of the Research Residence, and inasmuch as it was 
the actual seasonal load with the first winter’s fuel, anthracite coal, 
the consumption of each of the other fuels was calculated to the same 
basis. The degree-day unit corresponds to a mean temperature 
difference between indoors and outdoors of 1 deg. F. prevailing for 
one day, and the seasonal load, therefore, corresponds to the summa- 
tion of the indoor-outdoor temperature differences for all days of the 
season. This corresponds to the difference between an average indoor 
temperature of 65 deg. F. and the average outdoor temperature for 
the heating season multiplied by the number of days in the season. 
The values in Column 13 are in the same order as those of Column 6, 
and express the fuel consumption in the usual commercial units. 
From the tonnage and the unit cost (Column 15) the relative cost of 
operation shown in Column 16 was obtained. 

The amount of ash handled with the six fuels is an important 
factor affecting their relative values as house heating fuels. If the 
ash percentages of Column 11 are applied to the seasonal tonnage in 
Column 13, it will be found that the weight of ashes carried away from 
the furnace, not accounting for coal which actually fell through the 
grates, were as shown in Column 14. Table 8 shows that, among the 
solid fuels, Pocahontas coal possessed the greatest number of eco- 
nomical characteristics, such as least tonnage, least ash handling, 
and least cost. 

From values in Columns 15 and 16 it may be observed that the 
cost of gas fuel was approximately 2.9 times that of bituminous coal 
and 1.9 times that of anthracite coal under the conditions existing at 
the Research Residence. Column 15 shows the actual local price paid 
for the fuels in the bin, and, since these prices vary with season and 
locality, the values in Column 16 should not be regarded as absolute. 
Different prices from those quoted might easily effect a rearrange- 
ment of the values in Column 16. 

Daily tests Nos. 330-355 on anthracite coal were run during the 
heating season of 1929-1930. The results obtained agreed very closely 
with the tests Nos. 94-103, which were run several seasons before. 
The third item in Table 8 gives the fuel costs with a fan installation. 
The relative seasonal fuel costs of fan-operated and gravity-flow 
systems are discussed in Section 13. 
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The following conclusions may be drawn, based on fuel costs at 
Urbana, Illinois, and on the operation conditions maintained at the 
Research Residence. 

(1) The seasonal cost for operation with manufactured gas 
having a calorific value of 565 B.t.u. per cu. ft. was approximately 
2.9 times the cost with bituminous coal having a calorific value 
of 11 178 B.t.u. per lb. 

(2) The seasonal cost for operation with manufactured gas 
having a calorific value of 565 B.t.u. per cu. ft. was approximately 


1.9 times the cost with anthracite coal having a calorific value of 
12 618 B.t.u. per lb. 


22. Operation with Reduced Room Temperatures at N ight.—A typi- 
cal set of recording thermometer charts, covering a range of 24 hours 


during which the room air temperature was reduced to 60 deg. F. at 
night, is shown in Fig. 43. 
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The gas consumption required to heat the house at various indoor- 
outdoor temperature differences with the room air temperature re- 
duced to 60 deg. F. at night, as compared with that required when a 
uniform temperature of 70 deg. F. at the breathing level was main- 
tained for 24 hours, is shown in Fig. 44. These curves are shown for 
two wind velocities, in each case, the full line representing continuous 
operation with room air temperature at 70 deg. F. and the dotted line 
operation with the room air temperature reduced at night. The 
effect of wind velocity is more fully discussed in Section 28. 

The curves indicate that by reducing the room air temperature to 
60 deg. F. at night, a decrease in gas consumption of approximately 4 


SA 
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to 8 per cent was effected. The percentage saving was greater for 
mild weather than for severe winter weather since the flue losses dur- 
ing the shorter warming-up period were proportionately less. These 
percentages of saving are dependent on the furnace installation and 
house construction, since such factors as the rate of cooling of the 
house, the heat capacity of the furnace, the rate of warming-up of the 
house, air infiltration, etc., have a direct influence on the fuel re- 
quirements. . 

The heat capacity of the furnace as fired by gas in this installation 
was less than it would have been if the same furnace had been fired 
with coal, since the incandescent coal in the fuel bed would have acted 
as a heat storage even with closed dampers. Hence cooling occurred 
more rapidly than would have been the case with coal. Furthermore, 
with coal firing the combustion rate is determined by the available 
draft and the frictional resistance of the fuel bed, while the gas burner 
operated at a fixed combustion rate, which limited the rate at which 
heat was supplied, and thus lengthened the warming-up period. 
Such differences in heat capacity and burning characteristics might 
make necessary some modification of conclusions drawn from the 
operation of a furnace fired with gas before strict application of these 
conclusions could be made to the case of a coal-fired furnace. The 
latter would tend to cool slowly due to the reserve heat stored in the 
fuel bed. The warming-up period would probably be shorter, de- 
pending on the available draft, and would be accompanied by high 
flue gas temperatures. Hence the possible economy in fuel consump- 
tion effected by reducing the house temperature to 60 deg. at night 
would probably be less with coal than with gas as a fuel. However, 
other factors might make it advisable to bank the coal fire at night 
and maintain a reduced rate of combustion in the furnace in order to 
prevent all of the fuel from burning out before morning. 

While the question of fuel economy is a matter of some importance 
in comparing the two methods of house operation, the relative degree 
of comfort arising from these methods is of sufficient importance to 
receive serious consideration. In this respect certain undesirable 
features seem to be developed as a consequence of reducing the room 
air temperature to 60 deg. F. at night. During the warming-up 
period, as shown by Fig. 43, the register air temperatures rose con- 
siderably above the average required to maintain the room temper- 
ature constantly at 70 deg. F. This is also shown in the graphic log 
of all temperatures for the warming-up period, given in Fig. 45, which 
includes a period of from one hour before the burner was started to 
the time when temperature equilibrium was established in the house, 
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about 4 hours later. From this it is evident that the increase in 
register air temperature was accompanied by increased temperatures 
for the air at the ceiling, and the room was warmed from the ceiling 
downwards by the warm layer of air, the floor remaining compar- 
atively cold. Asa result the room air temperature gradient from the 
floor to the ceiling was greatest during this period, and, even though 
the temperature of the air at the breathing level had attained 70 deg. 
F. by 8:00 a.m., the temperature of the air at the floor did not rise to a 
value comparable with that for continuous operation with 70 deg. F. 
at the breathing level until about 214 hours later. Furthermore the 
exposed wall had cooled during the night and the temperature of the 
inside surface did not return to normal until about 11:00 a.m. The 
net result was that although the temperature of the air at the breath- 
ing level was restored to 70 deg. F. by 8:00 a.m. the occupants were 
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) subjected to the influence of cold floors and walls until approximately 
) 11:00 a.m. and were more or less uncomfortable during this period. 
Such a condition did not exist when a uniform temperature of 70 deg. 
F. at the breathing level was maintained for 24 hours. 

The fact that the influence of the high temperatures at the ceiling 
and low temperatures at the floor obtained during the warming-up 
_ period persisted throughout the day and affected the average tem- 

perature gradient of the air from floor to ceiling is indicated in Fig. 46. 
' These curves are based on the average of the 5 daily readings made in 
two rooms; that is at 7:00 a.m., 11:00 a.m., 4:00 p.m., 10:00 p.m. and 
7:00 a.m. In the east bed room, on the second story, the ceiling tem- 
peratures were about 1 degree higher and the floor temperatures 
about 1 degree lower when the room temperature was reduced to 
60 deg. F. at night than when 70 deg. F. was maintained continuously. 
In the living room, on the first story, the results were similar, except 
that the floor temperatures for both methods of operation were 
approximately the same. 

The following conclusions are indicated by the results of these 
y tests: 

(1) With gas as a fuel, a fuel saving of from 4 to 8 per cent may 
be effected by reducing the room air temperatures to 60 deg. F. at 
night instead of operating continuously with room air temper- 
atures at 70 deg. F. 

(2) The fuel saving effected by reducing the room air temper- 
atures to 60 deg. F. at night is accompanied by a sacrifice of 
comfort in the house during most of the hours before noon, 
brought about by the influence of cold walls and floors persisting 
over most of this period. 


VI. Room Ark TEMPERATURE CONDITIONS WITH WaRM-AIR 
Reaisters LocaTtep NEAR CEILING OR 
Near Fioor 


(Dainty Trsts 451-490) 


23. Preliminary Statement.—The studies discussed in this chapter 
were made for the purpose of comparing the room air temperature 
conditions arising from the use of a warm-air register located in the 
baseboard with those arising from the use of a similar register located 
in the sidewall seven feet above the floor. One study with gravity 
operation was made on installation No. 9a which consisted of installa- 
ition No. 9 (see Fig. 8) with the fan removed. A second study with 
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fan operation was made on the tenth installation with the bonnet fan 
as shown in Fig. 9a. The observations were made in two second-story 
rooms both having a ceiling height of 8 ft. 4 in. The east bed room, 
13% ft. by 20 ft. in size, had three exposed walls, north, south, and 
east, and but one door. The fact that the southwest bed room had 
two doors, introduced additional complications, but the results were 
in substantial agreement with those obtained in the east bed room, 
and hence only the latter have been discussed at length. 

The arrangement and dimensions of the warm-air stack and 
registers are shown in Fig. 47. The sidewall register was the same size 
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Jas the baseboard register and was placed at the head of an extension 
of the stack for the baseboard register in order to facilitate changes 
from one position to the other. When the sidewall register was in 
use, the baseboard outlet was sealed with a flat board placed with the 
inner face flush with the wall of the stack. Similarly, when the base- 
Pboard register was in use, the stack was sealed just above the base- 
)board outlet and the register valve placed in the normal position. 
Hence, in either case the stack was continuous, without offsets or 
projections. 

Five observations were made daily of the temperatures on the 
yceatral vertical axis of the room, 4 in. above the floor, at the breathing 
level (60 in. above the floor), and 4 in. below the ceiling. The five 
readings at each level were then averaged. These observations were 
ymade over a wide range of outdoor temperatures for both gravity and 
‘an operation, and in each case the tests were run both with the room 
door open and with it closed. 


24. Gravity Operation—A typical curve of temperature gradients 
‘rom floor to ceiling is shown in Fig. 48. Under gravity operation, 
the effect of increasing the height of wall stack from: the baseboard 
to the sidewall register was to increase the motive head, resulting in a 
corresponding increase in the amount of heat delivered at the register 
“ace. Previous results* from laboratory tests had shown that for a 
ziven register air temperature of 130 deg. F., increasing the height of 
the register above the heater from 14 ft. 6 in. to 21 ft. increased the 
heating effect at the registers by approximately 20 per cent. These 
‘wo heights of the register face above the heater correspond to the 
actual stack heights of the baseboard and sidewall register combina- 
Hons in the Research Residence. In the Research Residence check 
vests on the heat output of baseboard and sidewall registers gave 
vesults in accordance with the laboratory tests. 

However, the greater amount of heat delivered by the sidewall 
register as compared with that from the baseboard register did not 
result in either a higher temperature at the breathing level or a better 
temperature distribution in the room. From Fig. 48 it is evident that 
the surplus heat from the high sidewall registers caused higher ceiling 
temperatures, while the lower part of the room in the living zone was 
unaffected. Apparently, the increase in heat loss from the upper part 
of the room due to the increased air temperature was sufficient to 
offset the additional heat supplied by the high sidewall register, and 
59 increase in temperature occurred in the lower part of the room. 


*“Investigation of Warm-Air Furnaces and Heating Systems, Part II,” Univ. of Ill. Eng. Exp. 
sta. Bul. 141, Fig. 83, p. 136. 
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A smoke study of the air currents issuing from the high sidewall 
register proved that a stream of air at a comparatively high velocity 
was traveling from the register and across the ceiling in a thin layer 
approximately four inches in thickness. The return circulation was 
confined to the upper portion of the room, with practically no 
circulation occurring in the living zone. 

The air issuing from the baseboard register was projected out-| 
wards about two feet into the room, rose to the ceiling, and then 
traveled across the room. The return circulation was more general in 
character, and a greater part of it took place in the living zone than | 
in the case of the sidewall register. In either case, the main circula-. 
tion seemed to be caused by the inductive action of the jet of warm. 
air from the register, rather than by the suction from any given 
cold-air return grille. , 

The room air temperature conditions resulting from gravity flow 
with the two heights of registers, for various indoor-outdoor temper-_ 
ature differences, are shown in Fig. 49. In all cases a constant tem-' 
perature of 70 deg. F. was maintained at the breathing level. In order 
to avoid confusion, only the average curves are shown without the 
points representing the observations. These curves were transferred 
from others, separately plotted from data taken during a period of 
one heating season under all types of weather conditions. For an 
outdoor temperature of 30 deg. F. the ceiling temperatures were 
approximately 6 degrees higher with the sidewall register than with 
the baseboard register outlet. | 

One set of curves represents conditions with the door to the room 
open, and the other with it closed. It may be noted that in the case 
of the baseboard register, with the door open, the temperatures at the 
ceiling were higher and those at the floor were lower than they were 
with the door closed. A study of the quantity of air flowing from the 
register in the two cases indicated that with the door closed there was 
some tendency for a slight pressure to be built up in the room, thus 
reducing the amount of warm air admitted. This condition would 
partly account for the lower temperature obtained at the ceiling with 
the door closed. In addition, with the door closed the circulation of 
air was confined to the room itself, and a more general circulation 
induced by the action of the warm-air jet would raise the temperature 
at the floor, and still further lower that at the ceiling. In the case of 
the baseboard register, since the jet entered the room at a lower level, 
stimulation of the air circulation in the lower part of the room would 
have a more marked effect than in the case of the high sidewall 
register. This conclusion is confirmed by the curves, which show that 
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when the door was closed with the baseboard register in operation, 
an inerease in the temperature of the air at the floor and a decrease in 
that at the ceiling was obtained, while with the sidewall register no 
change was effected. 


Fan Operation——The room temperature conditions resulting 
when the system was operated with the fan in the furnace bonnet are 
shown in Fig. 50. The differences between the temperature of the air 
at the ceiling and that at the floor, as well as the differences in air ; 
temperatures from the floor to the breathing level and from the 
breathing level to the ceiling, were less with fan operation than they 
were in the ease of gravity operation, but in every case the use of the 
high sidewall register gave rise to temperatures at the ceiling 3 or 4 
degrees higher than those obtained with the outlet in the baseboard. — 
The air temperature gradients were not appreciably affected by the 
slight differences in outlet velocity of the air at the register faces — 
caused by changes in fan speeds. : 

The fact that no difference in the temperature gradient curves was — 
obtained, whether the door to the room was opened or closed, seems — 
to indicate that the slight positive pressure produced by the fan was — 
sufficient to overcome the tendency for pressure to build up in the 
room when the door was closed. That the higher velocity of air at 
the register face was of greater advantage to the high sidewall register 
than to the baseboard register is also indicated by the fact that the 
curves show that no difference in the temperature of the air at the 
floor existed for the two cases, and that the differences between the 
temperatures of the air at the ceiling for the two cases were less than | 
the corresponding differences obtained with gravity flow. 

The velocities of the air at the register outlets in this case were not 
much greater than the velocities produced by gravity circulation. 
The air issuing from the sidewall register, at a maximum velocity of 
less than 250 ft. per min., did not possess enough momentum to carry 
it as far as the opposite wall with any appreciable velocity. The 
nature of the air circulation in the room in this case was substantially 
the same as for gravity flow, and the most active circulation was 
confined to the upper portion of the room. It is possible that with 
properly designed nozzle outlets and high air velocities, much better 
circulation of the air in the room could be obtained and most of the— 
stratification shown in the case of the high sidewall register be elim- 
inated. These studies were limited, however, to maximum outlet air _ 
velocities characteristic of those attainable with propeller fans used to — 
stimulate the air flow in a gravity system, and the conclusions should 
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not be extended without modification to apply to velocities attainable 
with positive pressure fans used in forced air systems. 


26. Conclusions—From these results the following conclusions 
may be drawn: 

(1) With gravity operation the high sidewall register combi- 
nation in a second story room delivers from 15 to 20 per cent more 
heat through the register than the baseboard combination, for an 
equal supply of heat to the furnace. 

(2) In the case of gravity flow the major part of the air cir- 
culation in the room is a result of the inductive action of the jet of 
warm air from the register. On account of its location near the 
ceiling, the circulation caused by the jet of air issuing from a high 
sidewall register is confined largely to the upper part of the room 
extending above the breathing level. In the case of the baseboard 
register, the jet enters the room at a lower level and the air 
circulation is more general throughout the room. 

(3) With gravity operation, because of the characteristic dif- 
ference in air circulation produced in the room, the resulting 
temperatures of the air at the ceiling were approximately 6 deg. F. 
higher for the high sidewall register than for the baseboard 
register. 

(4) With gravity operation the additional heat furnished by 
the high sidewall register, as compared with that furnished by the 
baseboard register, was offset by the increased heat losses from the 
upper part of the room resulting from the higher temperatures of 
the air at the ceiling. No increase in temperature of the air below 
the breathing level occurred as compared with that obtained with 
the baseboard register. 

(5) With fan operation and with air velocities at the register 
faces attainable with a propeller fan used in a system designed for 
gravity operation, the high sidewall register exhibited character- 
istics similar to those exhibited when it was used on gravity 
operation, and gave temperatures for the air at the ceiling approxi- 
mately 4 deg. F. higher than those obtained with the baseboard 
register. 


VII. Errect or WIND AND SUNSHINE ON 
HovusrE OPERATION 
(Daity Trusts 330-350 anp 363-397) 


27. Preliminary Statement.—These tests were all conducted at the 
Hesearch Residence for the purpose of determining the effect of wind 
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on fuel consumption, and of weather conditions on the indoor air and 
the wall-surface temperatures. 

In the study of wind effects on fuel consumption the plant was 
arranged as described in Section 18, with a gas conversion burner in 
operation in installation No. 9a. This installation, with a single 
cold-air return, consisted of installation No. 9 with the fan removed. 
The latter, with the fan in place, is shown in Fig. 8. This installation, 
arranged for coal-fired operation, was used in the study of the effect of 
weather conditions on the indoor air and the wall-surface temper- 
atures. Tests with both fan operation and gravity operation were 
made in this case. 

For the study of wall-surface temperatures the north wall in the 
living room and the south wall in the dining room were selected as 
being typical in regard to the nature of the surfaces, the location of 
the studding, and the exposure. One thermocouple was embedded 
in each of the inside and outside surfaces of both of these walls. The 
thermocouples were made from No. 22 B.&S. Gage copper and con- 
stantan wire and, with about four inches of the leads, were embedded 
in scratches made in the various surfaces. After being sealed with 
shellac for the outside surfaces and with plaster of paris for the inside 
surfaces, in order to exclude all air and insure perfect surface contact, 
they were filed flush with the surfaces. In all cases they were located 
five feet above the level of the floor. 

The gas-burning installation made it possible to measure very 
exactly the heat input to the furnace for any given period of time, as 
for a day of 24 hours, required to maintain a constant room air tem- 
perature of say 70 deg. F., at the breathing level. Since with a 
constant indoor temperature the heat input will: depend on the 
weather conditions, such as the outdoor temperature, wind move- 
ment, and sunshine, a greater heat input on a windy day may be 
expected than on a quiet day, both days having the same outside 
temperature and amount of sunshine. Very few data are available 
on the relation between wind movement and the resulting increase in 
the fuel consumption for heating buildings. In fact, the much used 
“degree-day”’ method of estimating heating load and fuel require- 
ments takes no account of it at all, which is, of course, incorrect, as 
the results of these tests clearly indicate, in all cases where there is a 
material difference in average wind movement between the localities 
compared. 

A great deal of emphasis has been placed on the importance of 
designing a heating plant so as to maintain a constant indoor air 
temperature of 70 deg. F. at the breathing level (5 ft. above the floor). 
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A house heating plant may be quite capable of maintaining such a 
condition and yet in severe winter weather the occupants of such 
rooms, always kept at 70 deg. F. at the breathing level, may be quite 
uncomfortable. In the first place, the room occupant is always sub- 
jected to the radiation effect of the cold surfaces of the exposed outer 
walls and glass (assuming floors and ceilings are next to heated 
spaces), and these surfaces are always colder than the air in the room 
at the same level. In the second place, the room occupant occupies a 
zone at an average height of 2 ft. 6 in. above the floor where the air is 
always colder than at the breathing level. 

Now as the outside temperature drops or the wind movement in- 
creases, or both, or the sunshine diminishes, the difference between 
the breathing-level air temperature (constantly kept at 70 deg. F.) 
and the wall-surface temperature increases rapidly, as does also the 
difference between the breathing-level air temperature and the air 
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temperature in the zone of occupancy (average height about 2 ft. 6 in. 
above the floor). Engineering Experiment Station Bulletin No. 189, 
pages 60, 61, 67, and 68 illustrate the latter condition and its magni- 
tude, while the tests here presented illustrate the former condition 
and its magnitude. 


28. Effect of Wind on Fuel Consumption.—Daily records (Fig. 51) 
for each 24-hr. period of gas consumption of the conversion burner in 
the Research Residence were correlated with the corresponding daily 
weather records, and three groups of data were obtained, at the three 
different wind velocities corresponding to light, medium, and strong 
winds. Sunshine conditions were more or less uniform for the daily 
records used in these comparisons. ; 

Reference to the three curves of Fig. 51 will show that wind move- 
ment has a distinct and positive effect on the fuel consumption of the 
Research Residence, quite independent of the indoor-outdoor tem- 
perature difference. For example, at an outdoor temperature of 
30 deg. F. or an indoor-outdoor difference of 40 deg. F., a strong wind 
above 12 miles per hour increased the fuel consumption to 2750 cu. ft. 
of gas per 24 hours as compared with a consumption of 2250 cu. ft. of 
gas per 24 hours for a light wind below 7 miles per hour. This is an 
increase of approximately 500 cu. ft., or about 22 per cent. Similar 
comparisons may be made for any other temperature difference and 
wind velocity by reading fuel consumption values from the curves of 
Fig. 51. Thus, we find that with a light wind and an indoor-outdoor 
temperature difference of 40 deg. F. the fuel consumption is exactly 
the same as with a strong wind and an indoor-outdoor difference of 
about 33 deg. F. In the latter case it was actually 7 deg. F. warmer 
outdoors, but the fuel consumption did not diminish at all, showing 
that a weather condition of 37 deg. F. with a strong wind produced 
just as great a heating load as a weather condition of 30 deg. F. and a 
light wind. 


29. Weather Conditions and Inside Air and Wall Surface Temper- 
atures—In this study, two sets of data were taken (Figs. 52 and 53) 
by making simultaneous readings of indoor and outdoor air, and 
inside and outside wall-surface temperatures at a plane corresponding 
to the breathing level. The surfaces are shown by the wall section 
detail given in Fig. 52. The air temperatures were observed several 
feet from each wall but at the same horizontal plane. In the first 
study (Fig. 52) the simultaneous readings were taken on a north wall 
four times daily, while in the second study (Fig. 53) the simultaneous 
readings were taken much more frequently on both north and south 
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walls and plotted as a continuous record for 10 days or 240 hours, 
resulting in a graphic record such as would have been made by a 
seven point recording thermometer. 

The results of this study, as shown by the lines drawn through the 
plotted points in Fig. 52, prove that with a constant indoor room air 
temperature the inside wall-surface temperature dropped rapidly as 
the outdoor air temperature decreased. For example, when the 
indoor-outdoor air temperature difference increased from 20 to 70 
deg. F'., the difference between the temperature of the air at the 
breathing level and the inside wall surface increased from 2.5 to 12.5 
deg. F., although there was no change in the temperature of the air at 
the breathing level. If the occupants were just comfortable in the 
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first case when the outdoor air temperature was approximately 
50 deg. F., they would not be comfortable in the second case when 
the outdoor air temperature was approximately 0 deg. F. 

The temperature drop at the wall surface is much greater at the 
inner than at the outer surface, except for absolutely still air condi- 
tions, when the temperature drops should be the same. An inspection 
of Fig. 52 at any indoor-outdoor air temperature difference shows 
that the temperature difference A is always greater than B. The ratio 
of A to B is approximately 1.7 to 1 for the wind velocity existing at 
the Research Residence during the tests. This ratio increases with 
the wind velocity, and at 15 miles per hour may become 3:1, since the 
temperature difference A increases slightly while the temperature 
difference B decreases slightly as the wind velocity increases. The 
average wind velocity to which the curves in Fig. 52 apply was below 
10 miles per hour. 

The results of the second air and surface temperature study 
(Fig. 53) for a continuous period of 240 hours reveal many interesting 
effects and relations. Two rooms were used in this study, one having 
a north wall, as in Fig. 52, and also one having a south wall exposed 
to the sun. 

The most striking effect is that produced by sunshine, which at 
times raised the outside wall-surface temperature above the indoor 
room air temperature as on 1-23-30, even though the outdoor air 
temperature was less than 10 deg. F. above zero at the time. This 
means that the rooms with southern exposure are subjected to much 
more widely varying heating requirements during any given day than 
rooms with northern exposure, making it very difficult to maintain 
the indoor air temperatures of all rooms at any uniform degree by a 
single temperature control unit, no matter where it is placed. A fair 
degree of uniformity in room air temperatures existed between the 
two rooms in which this study was made because the living room had 
as much south as north wall. The thermostat was located in the 
dining room, which had only a southern exposure. When heavy 
clouds exist there is very little difference between the outside surface 
temperatures of north and south walls, as shown in Fig. 53 on 1-17-30 
and 1-20-30, at any time during the day. The general tendency, 
however, for both the inside and outside surface temperatures of 
south walls to remain above corresponding temperatures for north 
walls on days when the sun shines is very marked throughout the 
whole ten-day period of the tests. It is much more pronounced, of 
course, in the case of outside walls. Furthermore, air circulation 
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between rooms takes place very readily in the Research Residence, 
and undoubtedly was a contributing factor in maintaining a uniform 
breathing level temperature in the various rooms on any one story. 

Another important effect shown is the great variability of the 
heating load and the rate at which it changes, increasing rapidly from 
noon to midnight and well beyond in most cases. Asa result, we have 
a most undesirable operating relation after midnight, when the heat- 
ing load increases rapidly while the house heating unit is banked or 
operating at low capacity. In consequence, the heating unit is 
always confronted with its maximum load at the time of its lowest 
output, and is, therefore, forced to pick up its load under conditions 
of maximum demand with no reserve capacity available. This 
unfortunate situation produces an operating condition in most house- 
heating installations which is responsible for excessive “wear and 
tear’? on the main unit, resulting in the almost daily forcing of this 
unit to well beyond its normal rated capacity. 


30. Conclusions.—The results indicate the following conclusions: 

(1) A moderate outdoor temperature accompanied by a strong 
wind may produce as great a heating load as a materially lower 
outdoor temperature and a light wind. 

(2) The use of the “degree-day”’ basis only for estimating 
heating load or comparing the heating seasonal demands of differ- 
ent localities may be seriously in error unless the wind movement 
is substantially the same for the periods or for the localities com- 
pared. The error resulting may be large, amounting to at least 
20 per cent, where there is any material difference in the wind 
movements. 

(3) Wind movement must be regarded as a very important 
factor in the design and operation of heating plants. There is a 
regrettable lack of field data on this subject, and accurate studies 
using actual buildings subjected to a wide range of wind velocities 
are greatly needed to overcome our present ignorance of the 
matter. 

(4) Serious consideration should be given to sunshine or ex- 
posure effects on the heating requirements of rooms subjected to 
solar radiation, if overheating of such rooms or underheating of 
rooms not so exposed is to be avoided. 

(5) Attempts to control the indoor air temperatures of the 
various rooms of a building from a single point when the sun is 
shining must prove more or less futile unless the north and south 
rooms open into each other freely. 
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(6) Heating plant design and operation and control must take 
into consideration both sun and wind effects as well as temper- 
ature differences if satisfactory results are to be secured. 

(7) The conclusions from the results presented in this entire 
section may be summarized briefly by saying that heating plant 
designers and operators have been, and still are, inclined to give 
too little thought to the effects of exposure (wind and sun) on the 
heating of buildings. They assume that a plant designed on the 
basis of temperature differences alone should be adequate to 
heat the building properly, regardless of the drift of air across the 
building resulting from the outdoor wind movement or the un- 
balancing of the heating load caused by solar radiation. Further- 
more, the fact that variations in the temperature of the inside 
surfaces of the walls resulting from variations in wall construction, 
outdoor temperature, and sun exposure, may affect the comfort of 
the occupants independently of the actual air temperature in the 
room has not received the recognition that it merits. 


VIII. Cootina Errecr FrroM OPERATION OF COMBINATION 
GraAviTy-Fan FurNACE SYSTEM UNDER 
SUMMER CONDITIONS 


31. Object—The object of this study was to determine whether 
any cooling effect was attainable in the rooms of the Research Resi- 
dence under summer weather conditions by operating the fan in a 
combination gravity-fan furnace system, thus circulating the warm 
air from the rooms through the furnace casing located in the com- 
paratively cool basement. 


32. Equipment and Instruments.—For the purpose of these tests, 
the arrangement in the ninth installation, shown in Fig. 8, with a 
six-blade propeller fan located in the cold-air shoe, was used. The 
actual air-delivery capacity of this fan as installed was 950 cu. ft. per 
min. Since the cubic content of the rooms and halls of the Research 
Residence was 16 120 cu. ft., this fan capacity corresponded to 3% 
recirculations of the air in the Residence per hour. 

Cooling effects were studied by means of a Kata thermometer. 
This is an instrument designed to measure its own rate of cooling, 
and consists essentially of an alcohol thermometer with a bulb 
approximately 5 in. in diameter and 11% in. long. The 7-in. stem 
has two graduation marks corresponding to temperatures of 95 and 
100 deg. F. In use, the bulb is warmed so that the liquid in the stem 


NO 
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rises above the 100 deg. mark. It is then allowed to cool and the time 
required for the liquid level to drop from the 100 deg. mark to the 
95 deg. mark is observed. The instrument may be used either as a 
dry-bulb or a wet-bulb thermometer. The dry Kata reading is a 
measure of the cooling rate as determined by radiation and convec- 
tion, while the wet Kata reading is a measure of the cooling rate as 
determined by radiation, convection, and evaporation. 


33. Test Procedure-—The living room, east bed room and east 
dormitory were selected as being typical first, second, and third story 
rooms, respectively, and Kata thermometer readings were made at 
the center of each room. The Kata thermometer in each case was 
placed with the bulb 3 feet above the floor, and both dry and wet bulb 
readings were made. Other incidental data consisting of register air 
temperatures and temperature at the breathing levels in all of the 
rooms, outdoor temperature, basement temperature, and relative 
humidity were also obtained. One set of observations was made 
before the fan was started, and a second set after the fan had been 
running for about an hour, and equilibrium conditions had been 
established. In both cases all windows were closed in order to avoid 
the disturbing effects of air currents from this source, and to insure 
that conditions in the Residence resulted from the action of the 
fan alone. 

In order to serve as a comparison, a study was also made in the 
east bed room of the cooling effect of a direct current of air produced 
by the action of a 16-in., 4-blade oscillating desk fan. For this pur- 
pose the desk fan was placed on the floor about 8 feet from the bulb of 
the Kata thermometer, and was tilted so that the air current swept 
over the bulb. The latter was 3 feet from the floor. Before starting 
the fan a set of observations was made in still air. The windows in all 
cases were closed. 

As a check on the air velocities determined by means of the Kata 
thermometer, an anemometer was placed about 8 feet from the fan in 
the same relative position as the bulb of the Kata thermometer, and 
readings were made both with the fan oscillating and with it in a 
fixed position. 


34. Cooling Effect of Furnace Fan —The results obtained with the 
furnace fan are shown in Table 9. The outdoor temperature was 87.0 
deg. F. and the basement temperature 74.5 deg. F. Before starting 
the fan the average temperature at the breathing level for the first, 
second, and third stories was 82.7, 86.1, and 96.7 deg. F., respectively. 
After the fan had been running somewhat over one hour, these tem- 
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peratures became 82.9, 86.5, and 96.3 deg. F., respectively; thus indi- 
cating that the temperatures on the first and second stories were 
slightly increased and that on the third story slightly decreased. 
The magnitude of the changes were all less than 0.5 deg., however, 
and from these results the only conclusion that can be drawn is that 
the fan produced no appreciable change in room temperature. 

From Table 9 it is evident that some redistribution occurred in 
the register air temperatures. Those on the first story increased 1.5 
deg. F., those on the second story decreased 3 deg. F., and those on 
the third story decreased 7.5 deg. F. Thus the recirculation of the 
air to some extent favored conditions on the third story. The fact 
that the changes in temperature were so small, however, indicates 
that the redistribution resulted from mixing the cooler air from the 
first story with the air from the second and third, and that no appre- 
ciable cooling effect was brought about by the heat loss from the air 
passing through the casing to the cooler air surrounding the casing 
and pipes in the basement. 

The cooling effect on the first and second stories by radiation and 
convection alone, as shown by the dry Kata readings, increased 
slightly when the fan was operated. Since the temperature on the 
third story was higher than 95 deg. F. it was not possible to obtain the 
dry Kata readings. This was true because the principle of the Kata 
thermometer is essentially that of obtaining the rate at which the 
temperature of the bulb drops from 100 to 95 deg. F., and if the room 
temperature is above 95 deg. F. the bulb temperature cannot drop to 
95 deg. F. 

The cooling effect on the first and second stories by radiation, 
convection, and evaporation, as shown by the wet Kata readings de- 
creased, while that on the third story increased slightly. On the first 
story, the decrease was caused by an increase in relative humidity. 
The observations on relative humidity were incomplete, but the wet 
Kata readings indicate that a similar increase in relative humidity 
occurred on the second story, while a decrease occurred on the third 
story. These changes in relative humidity are difficult to explain 
since no primary cause was evident. It is possible, that owing to the 
high temperature on the third floor, the absolute humidity was com- 
paratively high although the relative humidity was low, and that the 
redistribution of relative humidity was brought about by the mixing 
of the air from the various stories. 

The cooling effect by evaporation alone, as shown by the difference 
between the cooling effects given by the wet and the dry Kata was 
nearly four times that by radiation and convection. In any case the 
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cooling effect produced by the fan was not appreciable and in some 
cases was actually negative, and the results would hardly justify the 
operation of the fan in the summer. Using the living room as typical, 
the effective temperature, as read from the American Society of 
Heating and Ventilating Engineers’ “‘Thermometric Chart” for 
human beings at rest and normally clothed, showed a slight increase. 
In all cases this effective temperature was outside of the upper limits 
of the comfort zone, and the fan failed to correct this condition. 
The criterion for comfort, as stated by Dr. Leonard Hill, is that the 
time of cooling for the dry Kata should not be greater than 150 
seconds and for the wet Kata not greater than 45 seconds. These 
rates correspond to cooling effects of 40 and 135 B.t.u. per sq. ft. 
per hr., respectively. Inspection of Table 9 shows that all of the rates 
obtained were below these limits, and that conditions were decidedly 
uncomfortable whether the fan was operated or not. 

Table 9 also shows the air velocities obtained at the center of the 
rooms both with and without the fan. The relative increases in 
velocity were comparatively great, but the absolute values of the 
velocity were in all cases too small to have any appreciable influence 
on the cooling effect. In order to lower the effective temperature 
appreciably, the velocity must be greater than 50 ft. per min., and 
none of those obtained exceeded 9 ft. per min. Since the number of 
recirculations produced by the fan was 3.5, it is evident that it would 
be impossible for a furnace fan of any reasonable capacity to produce 
velocities approximating 50 ft. per min. at the center of the rooms. 
Conditions directly in front of the registers were undoubtedly better, 
but the comparatively small region in front of a register cannot be 
regarded as representative of the living zone in the room. 


35. Cooling Effect of Oscillating Desk Fan.—The results obtained 
with the desk fan placed in the room are shown in Table 10. These 
indicate that an oscillating desk fan arranged to sweep directly over 
the occupant, does have an appreciable influence on the cooling effect. 
With no furniture interfering, the mean velocity produced was 106.2 
ft. per min. and the effective temperature was lowered from 76.0 
deg. F’. to 74.8 deg. F. The cooling effects were 57.3 B.t.u. per sq. ft. 
per hr. by dry Kata and 250.0 B.t.u. per sq. ft. per hr. by wet Kata. 
These rates are well above the lower limits set by Dr. Hill. 

The velocity of 95 ft. per min. as determined by the anemometer 
may be considered as a reasonable check on the value of 106.2 ft. per 
min. determined by the Kata thermometer, since the mean velocity 
resulting from the oscillating motion is an extremely variable quan- 
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tity. Apparently this mean velocity is approximately one-third of 
the maximum velocity produced by the fan in a fixed position, as 
shown by the single value given in Table 10. If it is assumed that 
the fan in the fixed position had been directed against the bulb of the 
Kata thermometer under the same conditions that existed when the 
oscillating fan was used, the constant velocity of 269 ft. per min. 
would have lowered the effective temperature to 73.2 deg. F. as com- 
pared with the value of 76.0 deg. F. obtained for still air and 74.8 
deg. F. for the oscillating fan. 


36. Conclusions.—The results indicate the following conclusions: 

(1) A furnace fan with capacity sufficient to produce 3.5 recir- 
culations per hour did not produce air velocities at the center of 
the room to exceed 9 ft. per min. in the rooms of the Research 
Residence. 

(2) The increase in cooling effect, and decrease in effective 
temperature, produced by a furnace fan of reasonable capacity 
operated under summer conditions is not appreciable, and does 
not justify the cost of operating such a fan in the summer. 

(3) No appreciable cooling of the air in the house can be 
obtained by circulating it through a furnace casing and pipes 
standing in a relatively cool basement. 

(4) An appreciable cooling effect may be obtained in the rooms 
of the house by the use of either an oscillating or a fixed desk fan 
producing a direct current of air over the occupant of the room. 


IX. PERFORMANCE OF STEEL FURNACE WITH ANTHRACITE AND 
BirumMinous Coan 


(Marw Furnace Puant Trsrs 102-106, 150-156) 


37. Preliminary Statement.—The tests discussed in this chapter 
were run in the Main Furnace Plant in the Mechanical Engineering 
Laboratory on the steel, crescent-radiator furnace referred to in 
Section 8 and shown in Fig. 12. This furnace was equipped with a 
54-in. casing, and had a black-iron lining spaced one inch from the 
casing. As designed for use with anthracite coal, the firepot was lined 
with firebrick and the joint between the brick and the shell was sealed 
so that no auxiliary air was admitted above the fuel bed. All of the 
air for combustion entered through the grates, and the air required 
above the surface of the fuel bed was supplied by leakage between the 
fuel bed and the firebrick lining of the firepot. The tests on anthra- 
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cite coal and one series of tests on bituminous coal were run with this 
construction. Analyses of these coals are given in Table 4 under the 
designations of Anthracite Coal No. 1 and Bituminous Coal No. 1. 

As designed for use with bituminous coal, the firepot was equipped 
with a cast-iron lining, which formed an annular air space between the 
shell and the lining. Auxiliary air was admitted through an opening 
above the ashpit door, passed into the annular space, and entered the 
combustion chamber through holes located near the top of the lining 
and just above the surface of the fuel bed. When the cast-iron lining 
was installed, all other sources of air leakage into the combustion 
chamber were tightly sealed. The joints between the casting were 
sealed with cement, and the space between the grate ring and the 
furnace drum was calked with asbestos packing. No damper or other 
means of regulating the supply of auxiliary air to the furnace was 
provided, and the auxiliary air port at the front of the furnace re- 
mained open at all times. A series of tests with bituminous coal was 
also run under these conditions. 

The methods of testing outlined in Section 10 were followed. 
When bituminous coal was burned a slightly different method of 
operating the furnace was necessary for the two types of firepot 
linings. With the firebrick lining, the feed door was held open about 
one-half an inch for 20 minutes after each firing, in order to admit air 
over the surface of the fuel bed. With the cast-iron lining the door 
remained closed, and, owing to the uncontrolled auxiliary air supply, 
it was necessary to fire small amounts of coal at short intervals in 
order to maintain reasonable values for the percentage of COs. 


38. Results —The results of the tests with anthracite coal on the 
furnace with the firebrick lining, and of the tests with bituminous coal 
on the furnace both with the firebrick and with the cast-iron linings 
are shown in Fig. 54. 

It may be noted that with the firebrick lining both the dnote 
and the bituminous coal required practically the same draft in order 
to maintain a given combustion rate. The register air temperatures 
and capacities obtained were considerably lower for bituminous coal 
than for anthracite, the capacity being 32 per cent lower at a com- 
bustion rate of 4 lb. per sq. ft. per hr., and 21 per cent lower at a rate 
of 10 lb. per sq. ft. per hr. The differences in efficiency in the two 
cases were 23 per cent and 11 per cent, respectively. The efficiency 
curve for the bituminous coal had the least curvature and slope of the 
two, thus indicating more uniform efficiency over the whole range of 
combustion rates. 
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For burning bituminous coal, less draft was required to maintain 
a given combustion rate with the cast-iron lining than with the fire- 
brick lining. This condition was undoubtedly due to the fact that the 
admission of auxiliary air above the fuel bed was uncontrolled in the 
former case. The amount admitted was in excess of that required to 
burn the volatile gases, and primary combustion of the incandescent 
fuel at the surface of the fuel bed resulted. The surface burning was 
sufficient to maintain an equivalent combustion rate of 7 lb. per 
sq. ft. of grate surface per hr. even with the ashpit damper tightly 
closed. The same register air temperature was obtained with the two 
iinings and practically the same capacity. The efficiency was some- 
what greater with the cast-iron than with the firebrick lining. 

In the case of the firebrick lining the coal was fired in relatively 
large charges and the auxiliary air above the fuel bed was regulated 
by slightly opening the firedoor immediately after firing and allowing 
it to remain so during the coking period. This required approxi- 
mately 45 minutes. This method proved to give satisfactory results 
with this type of lining. In the case of the cast-iron lining, where no 
control of the auxiliary air was possible, the best operating results 
were obtained by firing the coal in small charges more frequently at 
short intervals of time. Possibly smaller charges and more frequent 
firing would also have been more favorable with the firebrick lining, 
and certainly better results could have been obtained with the cast- 
iron lining if the auxiliary air supply could have been reduced at the 
end of the coking period, as indicated by the CQ, record. 

A typical CO, record for a test on the cast-iron lining is shown in 
Fig. 55. It is evident that the curve is very irregular, the indicated 
CO, rising abruptly to a value of 15 per cent immediately after coal 
was fired and decreasing very rapidly at the end of from 20 to 30 
minutes. The following notes transcribed from the general log sheet 
for the test serve to interpret the recorded curve: ‘9:35 a.m. clinker 
removed, 30 lb. of coal fired; 10:10 a.m. fuel bed broken up and 
packed; 10:45 a.m., 30 lb. of coal fired; 11:15 a.m. fuel bed broken up; 
11:35 a.m., 30 lb. of coal fired.”” By comparing the chart with these 
notes it is evident that considerable excess air was present when the 
distillation of the volatile was completed, as indicated by the low 
percentage of CO». 


39. Conclusions.—The following conclusions are indicated by 


the results: 
(1) In a small domestic furnace of the type tested, anthracite 
coal ean be burned more efficiently than bituminous coal. 
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OPERATED WITH BritTuMINOUS CoAL 


(2) Bituminous coal can be fired most effectively in small 
charges and at short intervals. 

(3) Effective burning of bituminous coal requires the admis- 
sion of auxiliary air above the fuel bed immediately after firing. 
The amount of such auxiliary air should be under positive control 
and should be reduced to a minimum at the end of the coking 
period. 


X. COMPARATIVE Stupy or Typrs or FURNACES 


(Main Furnace Pranr Tests 96-97, 102-106, 128-130, 148-149, 
157-171, 172-178, 182-189, 190-197) 

40. Preliminary Statement.—Tests previously run for the purpose ~ 
of determining and comparing the performance characteristics of the 
four types of furnaces shown in Fig. 12 have been reported in Engi- 
neering Experiment Station Bulletin No. 188. The tests discussed in 
this chapter constitute an extension of this study, including the de- 
termination of the performance characteristics of the three additional 


INVESTIGATION OF WARM-AIR FURNACES, PART V 127 


types of furnaces shown in Fig. 13, together with a comparison of the 
performance of all of the seven types tested. 

The three additional types tested consisted of the double diving- 
flue steel furnace, the non-integral fin steel furnace, and the integral 
fin steel furnace. These are shown in Fig. 13, and described in 
Section 8. All tests were conducted under conditions of natural 
gravity circulation in the Main Furnace Plant in the Mechanical 
lngineering Laboratory, and the testing methods discussed in Section 
10 were closely followed. No changes were made in the plant, with 
the exception of the substitution of the various furnaces and furnace 
vasings. For all tests with anthracite coal the damper in the firedoor, 
used for the admission of auxiliary air above the fuel bed, remained 
closed during the whole test period. For tests with bituminous coal 
this damper was opened for short periods immediately after firing a 
fresh charge of coal. 

In the case of the double diving-flue steel furnace, all of the tests 
were run with anthracite coal, listed as Anthracite No. 1 in Table 4. 
Four casings, namely, 48-in., 50-in., 52-in., and 54-in., all with a 
black-iron lining spaced one inch from the casing, were used, and in 
addition two tests were run with baffles placed inside of the 50-in. 
casing. For the first test a baffle was placed on each side and toward 
the front of the casing, in order to reduce the effective area and to 
force the air to travel more directly over the main shell of the furnace. 
For the second test these two baffles were retained and an additional 
one was placed at the rear. The latter consisted of a horizontal plate 
attached to the top of the cold-air shoe. It extended across the rear 
of the furnace with the inner edge two inches back of the manifold 
for the diving flues, and served to deflect the air in such a way as to 
increase the amount passing between the manifold and the shell. 
A study of the air movement inside of the casing of this furnace, by 
means of smoke introduced into the cold-air inlet and observed 
through a 15 in. by 18 in. glass window located in the side of the 
casing, was also made. 

In the case of the non-integral fin steel furnace, two casings, 
namely, 44-in. and 48-in. were used, and with each casing the furnace 
was tested both with and without fins. Two tests were run with 
bituminous coal in addition to the routine tests with anthracite coal. 
These coals are designated in Table 4 as Bituminous No. 2 and 
Anthracite No. 1. 

In the case of the integral fin steel furnace, one series of tests was 
run on the furnace before, and one after the fins had been attached. 
Vive tests were run with the stove sized anthracite coal, having a 
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calorific value of 12 790 B.t.u. per lb., listed as Anthracite No. 1 in 
Table 4. Two check tests on the furnace without fins and all of the 
tests on the furnace with fins were made with coal having a calorific 
value of 12 976 B.t.u. per lb. and listed as Anthracite No. 2in Table 4. 
The combustion rates reported were all corrected to terms of coal 
having a calorific value of 12 790 B.t.u. per lb. 


41. Performance of the Double Diving-Flue Steel Furnace.—The — 
results of the tests made on the diving-flue steel furnace equipped © 
with four sizes of casings are shown in Fig. 56. It is evident that, 
while the difference between the results obtained with the various 
casing sizes was comparatively small, for any given combustion rate 
the maximum efficiency and capacity were obtained with the 50-in. 
casing. 

The draft curves apparently indicate that a variation in draft 
requirements accompanied the changes in casing size. Since the 
draft required to produce a given combustion rate is a function of 
factors which in themselves are independent of casing size, any ex- 
planation involving changes in casing size alone seems hardly tenable. 
It is significant, however, that the draft curves are arranged in the 
same order as the time sequence for the series of tests for the different 
casings, that is 52-in., 54-in., 50-in., 48-in., with the higher drafts 
corresponding to the earlier test series. This indicates that as the 
testing program progressed, the draft necessary to support a given 
combustion rate decreased, and suggests the possibility that an 
increasing amount of air leakage between the firebricks in the lining, 
or between the lining and the shell caused an increase in the amount of 
coal burned at the surface of the fuel bed, thus in effect increasing the 
equivalent grate surface and resulting in decreasing the draft required 
for a given combustion rate based on the actual or measured grate 
surface. Hence it is more reasonable to attribute the variations in 
draft to progressive changes in the physical characteristics of the 
firepot lining than to changes in the casing size. 

The arrangement of the heating surfaces in this furnace offered 
the possibility for the flow of air to be restricted around the flues and 
short-circuited through comparatively large areas toward the front 
of the casing. The smoke studies, mentioned in Section 40, indicated 
that but a relatively small amount of air passed over the surfaces 
between the diving flues. Also, since the clearance between the mani- 
fold and the shell was not over 2 inches, a comparatively small volume 
of air passed through this space. The air which traveled up between 
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the casing and the flues at the rear of the furnace rose vertically, 
parallel to the surfaces, and had practically no tendency to deflect 
and enter the spaces between the flues. It therefore became evident 
that a considerable portion of the measured heating surface was 
comparatively ineffective. The further significance of this condition 
is discussed in Section 44. 

With the object of correcting the short-circuiting, and possibly 
improving the effectiveness of the heating surface, the baffles men-. 
tioned in Section 40 were installed. Two points representing these 
tests are shown in Fig. 56. From these two points it appears that the 
side baffles alone produced no effect whatever, while the use of both 
side and rear baffles resulted in a decrease in capacity obtained. 
The latter was probably caused by increased frictional resistance and 
turbulence. While these means proved unsatisfactory, it is possible 
that some minor changes in design, or further study of the proper 
placing of bafHles, might have provided a method for increasing the 
effectiveness of the inactive surfaces and improved the performance 
of the furnace. Such studies, however, were considered to be in the 
field of development of a particular product, rather than in the field of 
general studies of type as defined by the scope of this investigation. 


42. Performance of Non-Integral Fin Steel Furnace.—The perform- 
ance curves for the furnace when operated with anthracite coal, both 
with and without fins used in conjunction with two sizes of casings, 
are shown in Fig. 57. The results of two tests with bituminous coal 
on the furnace, with and without fins, and equipped with the 48-in. 
casing are also shown. 

From the curves in Fig. 57 it is evident that the addition of fins 
effected an increase in efficiency and capacity of the furnace for both 
sizes of casings. The gain was greater for the 48-in. casing than for 
the 44-in. At a combustion rate of 7.5 lb. per sq. ft. per hr. the in- 
crease in capacity for the 48-in. casing was 18.0 per cent, while for the 
44-in. casing it was approximately 7.0 per cent. Corresponding gains 
in efficiency were exhibited. 

With the fins in place, as the furnace was designed for normal use, 
the best results were obtained with the 48-in. casing. With the fins 
removed the change in casing size from 44 in. to 48 in. apparently did 
not affect the performance to any great extent. This fact is of no 
practical significance, however, since the furnace was designed pri- 
marily for use with fins. 

It being assumed that there was no change in the heat loss from 
the furnace casing, the difference between the register air temper- 
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ature-capacity curves shown in Fig. 58 is approximately proportional 
to the change in weight of air circulated, and hence is an indication of 
the change in frictional resistance brought about by alterations in the 
furnace plant. From Fig. 58 it is evident that when the fins were 
omitted the change from the 44-in. to the 48-in. casing did not ma- 
terially affect the frictional resistance and therefore did not appreci- 
ably affect the performance as shown in Fig. 57. With the fins 
present, however, the frictional resistance with the 48-in. casing was 
less than that with the 44-in. and this was reflected in a gain in capac- 
ity and efficiency for the 48-in. casing, also shown in Pigs a 

From Fig. 58 it may be noted that with the 48-in. casing the addi- 
tion of the fins did not appreciably increase the frictional resistance, 
while with the 44-in. casing, owing to the relatively greater reduction 
in free area, the introduction of the fins effected a material increase in 
frictional resistance. Hence, in the case of the 44-in. casing, part of 
the increase in heat absorption resulting from the use of the fins was 
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utilized to offset the increase in frictional resistance. In the case of 
the 48-in. casing, no such offset was necessary and the full increase in 
heat absorption was reflected in the gain in capacity and efficiency. 
For this reason the fins were more effective when used with the 48-in. 
casing than with the 44-in., as shown in Fig. 57. The curves in 
Tig. 59 are typical of both the 48-in. and the 44-in. casings, and indi- 
cate that the gain in heat absorption resulting from the use of the 
Hns was reflected in a reduction in flue-gas temperature. 

Figure 60 shows the temperature gradient along the metal of one 
ef the fins for various combustion rates. The lower set of curves 
represents the portion of the fin in contact with the firebrick-lined 
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firepot, and the upper set the portion in contact with the unlined 
combustion chamber. The most significant characteristic presented 
by the curves is the large temperature drop across the line of contact 
between the shell and the edge of the fin. This was almost as great as 
the temperature drop across the entire width of the fin, and indicates 
that a comparatively large portion of the resistance to heat flow along 
the fin was offered by an air film along the line of contact. It is highly 
probable that if positive metal to metal contact at all points along the 
edge of the fin were insured, as by welding, the temperature of the 
metal, and hence the effectiveness of the fin for the purpose of heat 
transfer, would be increased. 

The radiator on this furnace was comparatively small, and it is 
probable that the effectiveness of the fins was relatively greater than 
it would have been in the case of a furnace with a greater amount of 
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prime heating surface. From the evidence presented, however, it 
would seem that additional metal could be used in the shape of an 
increase in prime heating surface to a greater advantage than in 
the shape of fins. 

Figure 61 shows the variation in air temperature at register faces 
for the furnace both with and without fins. This distribution was 


irregular, and greater uniformity was not obtained by the addition 
of the fins. 


43. Performance of Integral Fin Steel Furnace-—The performance 
curves for the integral fin steel furnace, operated on anthracite coal 
both with and without fins, are shown in Fig. 62. The register air 
temperature, capacity, and efficiency curves all exhibit the same 
characteristics in that for combustion rates up to 9 lb. per sq. ft. per 
hr. higher values at given rates were obtained for the furnace with 
fins than for the furnace without fins, while for combustion rates 
above 9 Ib. per sq. ft. per hr. the reverse was true. At low rates of 
combustion, the increase in capacity resulting from the addition of 
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fins was approximately 7.0 per cent. At higher rates this percentage 
decreased, and at a combustion rate of 10 lb. per sq. ft. per hr. the 
capacity of the fin furnace was less than that of the furnace without 
fins. The same was true for the efficiency. Since no change occurred 
in either the construction of the firepot or the physical characteristics 
of the fuel, the draft requirements were the same for both cases. 

The register air temperature-capacity curves, shown in Fig. 63, 
indicate that the presence of the fins did not materially increase the 
‘otal resistance to the flow of air through the furnace, since a single 
curve was representative of the data obtained both with and without 
ans. The fact that the points representing the two tests run in the 
year 1931 do not deviate from the curve to any greater extent than 
those representing the five tests run in 1923, serves as an indication of 
the reliability of the testing methods and the consistency of the 
operating performance of the plant after a lapse of years, as well as of 
the validity of the correction applied for the difference in the calorific 
_ value of the fuels. 

Since the presence of fins did not materially alter the frictional 
resistance, the differences in capacity shown in Fig: 62 must be ac- 
counted for on the basis of differences in heat absorption by the air 
and radiation losses from the casing for the furnace with and without 
fins. The additional surface provided by the fins would tend to 
increase the heat absorption by the air and result in increased capac- 
ity. The results shown in Fig. 62 for combustion rates lower than 
9 Ib. per sq. ft. per hr. are consistent with this hypothesis. However, 
the amount of heat given up to the air by the action of convection 
over heated surfaces, such as the fins, varies approximately as the 
5/4th power of the temperature difference between the surface and 
the air, while the heat lost by radiation varies as the 4th power of the 
temperature difference. At low combustion rates the temperature 
differences were small, and the radiation losses from the fin furnace 
were not much greater than those from the furnace without fins, in 
spite of the larger amount of surface on the former which radiated to 
the cooler casing walls. Any increase in heat absorption by convec- 
tion resulting from the presence of the fins was therefore reflected in 
an increase in capacity. At higher rates of combustion, however, 
the tendency for an increase in convected heat was offset by increas- 
ingly greater radiation losses, and, since the heat for both processes 
was taken from the same source, namely, from the combustion of the 
fuel, the loss exceeded the gain at temperatures above some critical 
value. Hence the net result per unit of fuel burned represented a 
loss. This critical point was apparently at a combustion rate of ap- 
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proximately 9 Ib. per sq. ft. per hr. Since the maximum combustion 
rates found in domestic service rarely exceed 8 lb. per sq. ft. per hr., 
the integral fin surfaces may be regarded as being effective under the 
usual conditions of service, although the increase in capacity obtained 
was not in proportion to the amount of heating surface added. 

The temperature of the metal at various points on characteristic 
fins for different combustion rates is shown in Fig. 64, and the tem- 
perature gradient along a representative fin, together with the same 
gradient along a non-integral type of fin, is shown in Fig. 65. The 
location of the fins on which thermocouples were placed for the pur- 
pose of obtaining the temperature of the metal is shown in Fig. 13 and 
details of the fins and thermocouple groups are shown in Fig. 14. 
The location of the various thermocouples is also shown in the insets 
in Fig. 64. 

From Fig. 64 it is evident that the temperature of the metal was 
much lower for the portions of the fins located on the firepot and the 
fins located on the radiator than it was for the portions of the fins 
located on the combustion chamber. The most effective fin surface 
was therefore located on the shell above the top of the firebrick lining. 
Furthermore, the curves have a greater slope at low combustion rates 


140 ILLINOIS ENGINEERING EXPERIMENT STATION 


and tend to become flatter at higher rates, thus indicating greater 
effectiveness for the fins at low combustion rates than at high rates. 
This is consistent with the performance curves in Fig. 62. 

The temperature curves in Fig. 65 are characteristic of the tem- 
perature gradients for all of the fins, and indicate that the maximum 
drop in temperature occurred in the portion close to the junction 
between the shell and the fin. Thus, for the 6-in. fin, the drop in the 
first inch was almost as great as that in the last 5 inches. From the 
two upper sets of curves in Fig. 64 it is also evident that the temper- 
ature of the 6-in. fins at a distance of 4 inches from the surface of the 
shell (Curve B14) was practically the same as the temperature at the 
outer edge of the 4-in. fins (Curve B22). For combustion rates below 
the practical limit of 7.5 lb. per sq. ft. per hr. this latter temperature 
did not exceed 550 deg. F. for the fins on the combustion chamber, 
and 400 deg. F. for those on the firepot. Since a substantial temper- 
ature difference is necessary for the effective transmission of the heat 
from the metal surface to the air, and the available temperature 
difference as indicated was probably less than 350 deg. F. for the last 
two inches of the 6-in. fin, the advisability of extending the fins 
beyond 4-in. in width is doubtful. 

For the purpose of comparison, the temperature gradient curves 
for the non-integral fins discussed in Section 42 have been transcribed 
in Fig. 65. The advantage of the welded fin in eliminating the 
presence of an air film and insuring metal to metal contact along the 
junction line between the shell and the fin is at once apparent. The 
elimination of the temperature drop across the line of contact resulted 
in a higher temperature for the whole fin surface in the case of the 
integral or welded fin than that obtained with the non-integral fin, 
thus indicating greater effectiveness for the integral fin. 

The addition of the fin surface did not give an increase in capacity 
commensurate with the amount of surface added. The original ratio 
of prime heating surface to grate surface was high, and it is possible 
that with a lower ratio a greater percentage increase in capacity 
would result. However, the results obtained on this furnace are con- 
sistent with those discussed in Section 42, and the study of the com- 
parative temperatures of fin surface and prime heating surface leads 
to the conclusion that additional meta] is more effective in the shape 
of increased prime heating surface than in the shape of secondary or 
extended fin surface. 

Figure 66 shows the variation in air temperature at the register 
faces for the furnace both with and without fins. It is evident that 
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the addition of fins did not serve to eliminate the irregularities in the 
temperature distribution. 


44. Comparison of Seven Types of Furnaces.—For the purpose of 
comparison, the performance curves for each of six types of furnaces 
tested, when equipped with the size of casing best adapted to the 
particular furnace, are shown in Fig. 67. The seventh type, consisting 
of the steel crescent radiator furnace to which integral fins were added 
by welding, gave results practically coinciding with the curves for the 
same furnace without the fins, designated as curves B in Fig. 67. 
Hence, the curves in this figure are representative of the seven types 
of furnaces. Since the grates of the different furnaces varied slightly 
in diameter, the capacity curves are based on the unit capacity, or 
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heat delivered to the air per square foot of grate surface per hour. 
The validity of this procedure as a basis for comparison has been 
discussed in Engineering Experiment Station Bulletin No. 188, 
Chapter VI. From the discussion in Bulletin No. 188 it seemed 
apparent that the ratio of heating surface to grate area was the more 
important factor determining the relative performance of furnaces of 
standard types, and that type of furnace, as such, was a matter of 
secondary consideration. This relation was made use of in the devel- 
opment of curves correlating the heating surface, grate area, and unit 
capacity, and such curves have served the purpose of forming a basis 
for the prediction of the capacity of a given furnace from the mea- 
sured heating surface and grate area. Similar curves are shown in 
Fig. 68. 

From Fig. 67 it may be noted that the two furnaces having the 
highest ratios of heating surface to grate area, namely the steel 
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erescent radiator furnace without fins and the same furnace with fins, 
gave the highest efficiencies and unit capacities. The other furnaces, 
having a rather limited spread of ratios of heating surface to grate 
area, gave capacity and efficiency curves falling closely together in a 
group, and arranged approximately in the same order as the values 
of the ratios. 

Inspection of the curves in Fig. 68, particularly at the higher com- 
bustion rates, however, indicates that some features of design in 
certain special types of furnaces might influence the effectiveness of 
parts of the heating surfaces, and cause deviations from the average 
curve for the more usual types. Thus, the double diving-flue steel 
furnace, designated as FE, had a comparatively large ratio of heating 
surface to grate area, but the unit capacity at a combustion rate of 
7.5 lb. per sq. ft. per hr. was 6.0 per cent lower, and at a 5.5 Ib. rate 
was 3.5 per cent lower than would normally be predicted from the 
curve for a furnace having this ratio of heating surface to grate area. 
The discussion in Section 41 has made it clear that certain portions of 
the heating surface in this furnace were relatively ineffective. It is 
apparent, therefore, that at the higher combustion rates the measured 
heating surface for this furnace is not exactly comparable with the 
measured heating surface of the more usual types of furnaces. 
Whether or not this is true of all furnaces of this type is not certain. 
However, from the data presented for the 7.5 lb. combustion rate it 
would appear that the effective heating surface is about 94 per cent of 
the measured. If this condition is accepted as characteristic of this 
type of furnace, since a 7.5 lb. combustion rate is generally used as a 
basis for selecting the size of furnaces, a correction of approximately 
94 per cent should be employed if the average curve is used for the 
selection of a double diving-flue furnace. This deviation is not a 
matter of major importance, since in an actual installation a small 
deficiency in effectiveness of heating surface may be compensated for 
by a slight increase in combustion rate. 

In the case of furnaces having thin fins, it is apparent that the fin 
surface should not be evaluated as fully effective heating surface. 
The rule accepted by common practice is to regard the first two inches 
of the fin width as of full value, the next two inches as of one-half 
value, and all beyond four inches as of no value. This is equivalent 
to crediting three inches as of full value. The ratio of heating surface 
to grate area for the non-integral fin surface, as computed by this rule 
was 20.0 tol. From Fig. 68, in which this furnace is designated as F, 
it is evident that the use of the rule for evaluating fin surface gives 
results in close agreement with the average curves for combustion 
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rates of 4 and 5.5 |b. per sq. ft. per hr. At a combustion rate of 7.4 Ib. 
per sq. ft. per hr. the rule gives somewhat too great a weight to the 
fin surface. However, the rule may be regarded as reasonably satis- 
factory, in so far as it serves to evaluate the heating surface in such a 
manner as to bring the performance of the non-integral fin furnace 
into fair conformity with that of the more usual types of furnaces 
when compared on the basis of the ratio of heating surface to grate 
area. ; 
The steel crescent-radiator furnace, designated as B in Fig. 68, 
had the highest ratio of heating surface to grate area of any of the 
non-fin furnaces used, namely 27.5 to 1. The heating surface was 
then increased by the use of integral fins welded to the shell and radi- 
ator and the furnace was designated as G. Application of the empiri- 
cal rule, crediting 3 inches of the fins as of full value, gave a value of 
37.5 to 1 for the ratio of heating surface to grate area. This was by 
far the highest ratio obtained. Hence, the results from the tests on 
this furnace served both as a test of the validity of the rule for 
evaluating fin surface and as a study of the influence of large ratios of 
heating surface to grate area. From Fig. 68 it is evident that at a 
combustion rate of 4 lb. per sq. ft. per hr. the results from the integral 
fin furnace are in close agreement with the average straight line 
established by the results from the other furnaces. At the higher 


combustion rates, however, and notably at the 7.5 lb. rate, the devel- 


oped capacity for furnace G was considerably below the capacity that 
would be determined by extrapolating the straight line curve estab- 
lished by the results from the other furnaces, shown by the full line 
portion in Fig. 68. Since it is hardly probable that additional surface 
beyond certain limits, whether in the shape of fins or otherwise, 
would be as effective as the original surface up to these limits, it is also 
not probable that the curve representing the increase in capacity with 
the increase in the ratio of heating surface to grate area could extend 
indefinitely as a straight line. The curve has therefore been drawn 
as shown by the broken line portion in Fig. 68. Hence formulas based 
on the curve previously established between the limits of from 15 to 1 
to 30 to 1 for ratios of heating surface to grate area should not be 
interpreted to apply to ratios beyond 30 to 1 without some modi- 
fication, especially at the higher rates of combustion. 

From the evidence shown in these curves it is possible that the 
present rule for fin surface accepted by common practice may be 
crediting the fins with slightly more heating effect than is warranted 
by the results. However, for combustion rates of the order of 5.5 |b. 
per sq. ft. per hr., corresponding to the average ordinarily found in 
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normal domestic service, the rule is in fair agreement with the test 
results, and no change is to be recommended with the information 
available at present. 


45. Conclusions.—The following conclusions are drawn from the 
results of tests under conditions of gravity air circulation through 
the system. 

(1) In general, the ratio of heating surface to grate area has 
more influence in determining the relative performance of furnaces 
than the type of furnace or the material from which it is built. 
In certain special types of furnaces, the design and arrangement 
of heating surfaces may influence the effectiveness of parts of the 
surface and become a factor in determining the relative per- 
formance. 

(2) In the case of the double diving-flue steel furnace, the use 
of baffles to increase the effectiveness of heating surface did not 
result in any marked improvement. 

(3) The addition of fin surface, in the shape of both integral 
and non-integral fins, increased the capacity for given combustion 
rates in the order of from 3 to 7 per cent. The increase in capacity, 
however, was not commensurate with the amount of surface 
added, and it therefore appears that additional metal can be more 
effectively used in the shape of additional prime heating surface 
than in the shape of fins. 

(4) Integral fins were more effective than non-integral fins. 
A greater temperature drop occurred across the line of contact 
between the shell and the edge of the fin in the case of non-integral 
fins than in the case of integral fins. 

(5) The addition of fins did not result in any improvement in 
the uniformity of air temperature around the bonnet of the 
furnace, or at the register faces. 

(6) Fin surface in excess of a fin width of four inches is com- 
paratively ineffective. 

(7) The common practice of regarding the first three inches of 
fins as effective heating surface credits the fins with slightly more 
heating effect than is warranted by test results. However, for 
combustion rates corresponding to the average rates ordinarily 
found in normal domestic service, the rule is in fair agreement with 
test results, and no change is to be recommended based on the 
information available at present. 

(8) The present practice of crediting the furnace with two 
per cent increase in capacity per unit increase in ratio of heating 
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surface to grate area for ratios above 20 to 1, is applicable up to a 
maximum ratio of 30 to 1, but should be modified if used beyond 
the latter limit at the higher combustion rates. 


XI. Errrect or CHANGES IN Ratio or LEADER Prez AREA TO 
Free Area oF FURNACE ON PLANT PERFORMANCE 


(Main Furnacr Puant Tests 172-175, 179-181) 


46. Preliminary Statement.—Since it is not possible in practice 
to maintain exactly the same total area of leader pipes for all condi- 
tions of installation for a given type and size of furnace, some vari- 
ations, between certain limits, in the total amount of connected leader 
pipe must be allowed. The tests discussed in this chapter were there- 
fore undertaken to determine the effect of such changes in the total 
area of connected leader pipe on the register air temperatures, and 
the capacity and efficiency of the furnace. 

The tests were run on the Main Furnace Plant in the Mechanical 
Engineering Laboratory, and were conducted by the methods out- 
lined in Section 10, using the anthracite coal designated as Anthracite 
No. 1 in Table 4. 

The furnace consisted of the non-integral fin steel furnace, shown 
in Fig. 13, and described in Section 8. The dimensions are given in 
Table 3. For the purpose of these tests the furnace was equipped 
with a 44-in. casing, making the total free area through the most 
restricted section of the casing 783 sq. in. 

For the first series of tests a total of 808 sq. in. of leader pipe was 
installed, giving a ratio of leader area to free area through the casing 
of 1.03. For the second series of tests, leaders Nos. 1, 8, and 5 to the 
first, second, and third floors, shown in Fig. 11, and having areas of 
113, 50, and 64 sq. in., respectively, were completely blocked. This 
procedure left a total of 581 sq. in. of leader pipe uniformly distributed 
around the bonnet. The ratio of leader pipe area to free area in this 
case was accordingly 0.74. No changes were made in the cold-air 
return. This was circular in cross-section and had an area of 


804 sq. in. 


47, Results—The primary effect of reducing the total installed 
area of leader pipes was to introduce more resistance to flow of air. 
This resulted in reduced capacities for given register air temperatures, 
as shown in Fig. 69. Conversely, in order to develop a given capacity, 
a higher register air temperature was required for the smaller plant 
than for the larger one. 
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In a furnace plant used in an actual residence the heat loss from 
the house under given weather conditions determines the demand for 
heat, and hence the combustion rate for the furnace. As long as the 
character of the combustion and the flue gas temperatures are not 
materially altered, the required combustion rate would be the same 
irrespective as to whether a large or a small total area of leader pipes 
was installed. Hence, for practical purposes, in order to draw con- 
clusions relative to actual operating conditions, a comparison of the 
performance of the two plants for given combustion rates is of greater 
significance than a comparison based on given register air temper- 
atures. These performance curves are shown in Fig. 70. 

It may be noted that at combustion rates above 7 lb. Der sd verte 
of grate surface per hr. the capacities for the two series of tests can be 
represented by a single curve, indicating that for a given combustion 
rate the total B.t.u. delivered at the furnace bonnet was the same 
when the total area of installed leader pipe was 808 Sq. in. as it was 
when the area of installed leader pipe was 581 sq.in. At combustion 
rates below 7 Ib., however, the capacity obtained with the 581 Sq. in. 


of installed leader pipe was somewhat greater than it was for the 
808 sq. in. 
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The plant with 581 sq. in. of installed leader pipe gave higher reg- 
ister air temperatures over the whole range of combustion rates than 
the one with 808 sq. in. This would naturally be expected to produce 
greater heat loss resulting from radiation and higher flue gas temper- 
ature. While it is probable that, in this particular furnace, the 
presence of the spacers at the outer ends of the fins might act as a 
radiation shield and prevent any increase in radiation loss, it is hardly 
possible that the mere presence of the fins could reduce the heat loss. 
in the case of the plant with 581 sq. in. of leader pipe to a sufficiently 
greater extent than in the case of the plant with 808 sq. in. to thus 
raise the capacity curve for the former plant above that of the latter 
at the lower combustion rates. The reason for this must, therefore, 
be sought outside of conditions existing on the air side of the plant. 

The curves for percentage of CQ, shown in Fig. 71 indicate that, 
at combustion rates of less than 7 lb. per sq. ft. of grate surface per hr., 
the percentage of CO. was greater, and hence the excess air used for 
combustion was less, for the plant with 581 sq. in. of installed leader 
pipe than for the one with 808 sq. in. These improved combustion 
conditions would result in higher flue gas temperatures unless accom- 
panied by better heat absorption conditions also. That no marked 
improvement in heat absorption occurred when the total area of 
installed leader pipe was reduced from 808 to 581 sq. in., is indicated 
by the curves for flue gas temperatures in Fig. 71, from which it may 
be observed that the flue gas temperatures were higher for the plant 
with 581 sq. in. than for the one with 808 sq.in. The reduced excess 
air, however, more than offset the increase in flue gas temperature, 
and the net result was a reduction in flue gas loss at the lower com- 
bustion rates in the plant with 581 Sq. in. over that for the plant with 
808 sq. in. Thus there is no indication that the conditions of heat 
absorption were materially improved when the total area of installed 
leader pipe was reduced from 808 to 581 sq. in., but there is direct 
evidence that the low combustion rate tests for the latter plant were 
run under better combustion conditions resulting in less flue gas loss 
than that occurring for the corresponding tests for the former plant. 
Hence it is reasonable to conclude that the greater capacities for the 
plant with 581 sq. in. of installed leader pipe shown at the lower 
combustion rates in Fig. 70 resulted from better combustion condi- 
tions, and that if these had not occurred, the two capacity curves 
would have been coincident throughout the range, or the curve for 
the plant with 581 Sq. in. would have been slightly below the one for 
the plant with 808 sq. in. At least it is evident that the reduction in 
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installed leader pipe area did not produce a material reduction in 
plant capacity. 

The curves in Fig. 72, reproduced from Engineering Experiment 
Station Bulletin No. 141 indicating that the capacity decreases some- 
what as the ratio of leader pipe to free area decreases, also give 
contributory evidence that it is not probable that the curve obtained 
from the plant with the smaller area of connected leader pipe could 
lie above the one for the plant with the larger connected area. 

The efficiency curves in Fig. 70 reflect the same conditions as 
those shown by the capacity curves. Therefore it seems to be a rea- 
sonable conclusion that if a given furnace is installed with a total area 
of connected leader pipe greater than the area for which it is rated, 
the installed plant will deliver approximately its full capacity in B.t.u. 
per hour, but will develop this capacity with register air temperatures 
less than those on which the rating was based. In this respect the 
connected leader pipe area cannot be considered to represent the 
“load” on the furnace. 

The load on the furnace is the heat loss from the house, which is 
offset by the combustion rate, and the latter determines the actual 
performance of the furnace. The only true measure of the delivered 
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capacity is the B.t.u. per hr. at the furnace bonnet. The ‘‘sq. in. of 
leader pipe’ is only a nominal figure that represents the B.t.u. 
delivered under one set of specified conditions alone. It can be made 
to do this by virtue of the fact that for a given plant there is a unique 
relation between the register air temperature and the B.t.u. delivered 
per sq. in. of leader pipe. For the purpose of rating, an equivalent 
register air temperature of 175 deg. F. has been adopted, and at this 
temperature the average plant, proportioned by the factors adopted, - 
will deliver 136 B.t.u. per sq. in. of leader pipe at the register faces. 
Hence the “‘sq. in. of leader pipe” is synonymous to B.t.u. per hr. at 
the furnace bonnet only when it is understood that the plant corre- 
sponds to the “average plant,” the register air temperature is 175 
deg. F., and the inlet air temperature is 65 deg. F. 

Similar results were shown on page 35 in Engineering Experiment 
Station Bulletin No. 188, where furnaces of identical design but with 
different sized grates were installed in the same plant with 808 sq. in. 
of connected leader pipe. In this case, however, the discussion was 
made from the standpoint that the leader area was designed so that 
the plant would supply the heat loss from the house with register air 
temperatures of 175 deg. F., and that a smaller furnace than that 
required by the rating formula was installed. It was shown that if the 
smaller furnace was installed it would operate at a given combustion 
rate at the same efficiency as the larger one. Since at a given com- 
bustion rate the capacity of the smaller furnace was less, it would have 
to be operated at a higher combustion rate with correspondingly 
higher register air temperatures in order to heat the house, and a 
sacrifice in efficiency would have to be made. 

Since a given furnace will continue to deliver practically the same 
B.t.u. capacity at the bonnet, with decreasing register air temper- 
atures, as the area of connected leader pipe is increased, the question 
naturally arises as to how far this process can be extended, with 
decreasing register air temperatures, before some of the leaders cease 
to function properly. At least a partial answer may be given to this 
question at this time. 

The curves in Fig. 72 give the relation between capacity per sq. in. 
of free area through the casing and the ratio of leader area to free area. 
An experimental point on these curves was obtained with a ratio of 
leader area to free area as high as 1.13 without any actual “breathing”’ 
occurring. With this ratio, however, a decided tendency for shifts in 
the relative register air temperatures was observed, indicating a 
potential liability to breathe. This was summarized in the discussion 
of these curves by the statement that “when the ratio of leader pipe 
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area to free area is increased much above one to one, the plant may 
breathe, or some one of the warm-air pipes may act as a cold-air 
duct.” It, therefore, appears that this value of the ratio may be used 
as a criterion for the evaluation of the danger point, and it may be 
accepted as inadvisable to increase the ratio above the one to one 
value. This, of course, would be influenced by the character of the 
cold-air return. Excessive resistance might decrease the allowable 
ratio. 

For the furnace used in these tests, with a grate area of 2.55 sq. ft., 
if it is granted that the fin construction is equivalent to a heating 
surface-grate area ratio .of approximately 20 to 1, the rating by the 
accepted formula* would be 640 sq. in. of leader pipe. Under these 
conditions the plant would be assumed to deliver its capacity at 
175 deg. equivalent register air temperature at a combustion rate of 
7.5 lb. per sq. ft. of grate per hr. 

With 581 sq. in. of connected leader pipe, the plant actually 
delivered 119 000 B.t.u. at the bonnet with a register air temperature 
of 178 deg. F. (Fig. 70). It has been assumed from results of previous 
tests, and the factor has been adopted in the rating formula from 
which the calculation of 640 sq. in. of leader pipe was obtained, that 
75.0 per cent of the heat appearing at the bonnet is delivered at the 
register faces. On this basis, the actual delivery in terms of the 
nominal sq. in. of leader pipe would be eh re ie 655 sq. in. 
Hence, it is apparent that the rating formula gives reasonable results, 
and if the rated connected leader pipe area is installed the plant will 
deliver approximately the capacity predicted from the formula at a 
register air temperature approximating 175 deg. F. In the case under 
discussion the ratio of leader area to free area was 0.74, or well within 
the limits of the one to one ratio. 

When the area of connected leader pipe was increased to 808 sq. in. 
the ratio of leader pipe to free area was increased to 1.03. This value, 
while just above the basic ratio of one to one, is still below the critical 
value of 1.13 shown in Fig. 72. Under these conditions, the plant 
performed normally and none of the leaders ‘‘breathed,” as shown 
by the plot of register air temperatures in Fig. 73. Hence, in this 
particular plant the limiting ratio of one to one was proved to be safe, 


*The Standard Code Regulating the Installation of Gravity Warm-Air Heating Systems in 
Residences. Approved and issued by the National Warm-Air Heating Association, the American 
Society of Heating and Ventilating Engineers, and the National Association of Sheet Metal Contractors. 


This formula is: . 

L =1.75G {1 + 0.02 (R — 20)] 
in which, L = square inches of leader pipe connected to the furnace, G = grate area in square inches, 
and R = ratio of heating surface to grate area. 
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even though the increase in leader pipe area from 581 to 808 repre- 
sented an increase of 39 per cent. This plant, however, with 804 sq. 
in. of cold-air return was an exceptionally freely circulating plant, 
and it should not be assumed that an increase of 39 per cent in con- 
nected leader pipe area could be justified in all plants. This plant 
also delivered 119 000 B.t.u. per hr. at the bonnet or 89 000 B.t.u. 
at the register faces at a 7.5 lb. combustion rate. The register 
air temperature, however, was only 159 deg. F. (Fig. 70). Any 
attempt to evaluate this capacity in terms of the nominal sq. in. 
of leader pipe at 175 deg. F. and 7.5 lb. combustion rate would, 
therefore, be meaningless, since this plant cannot be made to perform 


so that a register air temperature of 175 deg. F. will be obtained at 
a 7.5 lb. combustion rate. 


Besa, 
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48. Conclusions.—The following conclusions may be drawn from 


the results of these tests. 


(1) If the connected leader pipe area for a given furnace is 
increased the plant will deliver approximately the same capacity 
in B.t.u. per hr. at the bonnet for given combustion rates, but 
will do so at reduced register air temperatures. 

This conclusion must be limited with the understanding that 
in these tests the cold-air or return duct area was slightly greater 
than the free area through the casing in all cases, and that the only 
changes in the entire plant were made in the total area of the 
warm-air pipes taken from the bonnet. 

(2) The safe limit for the ratio of connected leader pipe area to 
free area through the casing is approximately one to one for a plant 
with very low resistance in the cold-air return. 

(3) The nominal free area of leader pipe commonly used in 
expressing the capacity of a furnace is meaningless unless it is 
understood that this represents the B.t.u. delivery of the standard 
plant at an equivalent register air temperature of 175 deg. F. 
obtained with a 7.5 lb. combustion rate. 
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*Bulletin No. 238. The Catalytic Partial Oxidation of Ethyl Alcohol, by Donald 
B. Keyes and Robert D. Snow. 1931. Twenty cents. 

*Bulletin No. 239. Tests of Joints in Wide Plates, by Wilbur M. Wilson, James 
Mather, and Charles O. Harris. 1931. Forty cents. 

*Bulletin No. 240. Flow of Air Through Circular Orifices in Thin Plates, by 
Joseph A. Polson and Joseph G. Lowther. 1932. Twenty-five cents. 

*Bulletin No. 241. Strength of Light I Beams, by Milo 8. Ketchum and Jasper O. 
Draffin. 1932. Twenty-five cents. 

*Bulletin No. 242. Bearing Value of Pivots for Scales, by Wilbur M. Wilson, 
Roy L. Moore, and Frank P. Thomas. 1932. Thirty cents. 

Bulletin No. 243. The Creep of Lead and Lead Alloys Used for Cable Sheathing, 
by Herbert S. Moore and Norville J. Alleman. 1932. Fifteen cents. 

Bulletin No. 244. A Study of Stresses in Car Axles under Service Conditions, 
by Herbert F. Moore, Nereus H. Roy, and Bernard B. Betty. 1932. Forty cents. 

Bulletin N. 0. 245. Determination of Stress Concentration in Screw Threads by 
the Photo-Elastic Method, by Stanley G. Hall. 1932. Ten cents. ‘ 

Bulletin No. 246. Investigation of Warm-Air Furnaces and Heating Systems. 


ay V, by Arthur C. Willard, Alonzo P. Kratz, and Seichi Konzo. 1932. ° Eighty 


*A limited number of copies of bulletins starred are available for free distribution. 


